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General abstracts 
 
 Recent years, the application of biomass resource has attracted much attention. 
Biomass represents an abundant carbon-neutral renewable resource for the production 
of bioenergy and biomaterials, which can replace the energy and the materials produced 
from fossil resource. In this study, the transformation of bio-glycerol and bio-butadiene 
into useful chemicals was investigated. 
 First, vapor-phase hydrogenolysis of glycerol was performed using a gradient 
temperature method at ambient hydrogen pressure over a commercial Cu/Al2O3 catalyst 
modified with silver. Addition of Ag into Cu/Al2O3 catalysts was found to be efficient in 
inhibiting the decomposition of glycerol to produce ethylene glycol and gave a yield of 
1,2-propanediol higher than that of the original Cu/Al2O3 without Ag. A 98.3% yield to 
1,2-propanediol, which is the highest value under ambient H2 pressure conditions to our 
knowledge, was achieved at the optimum reaction conditions. 
 Second, vapor-phase catalytic dehydration of 1,2-propanediol was investigated 
over several solid acid catalysts, such as SiO2/Al2O3, Al2O3 and zeolites. These acids 
catalyzed the dehydration of 1,2-propanediol to produce propanal, while deactivated fast 
because of deposition of carbonaceous species. An amorphous SiO2/Al2O3 was modified 
with metals such as Ag and Cu to stabilize the catalytic activity under hydrogen flow 
conditions. Ag-modified SiO2/Al2O3 showed the highest catalytic performance and is a 
promising catalyst for the production of propanal from 1,2-propanediol. 
 Third, solvent-free Diels-Alder reactions were carried out by heating a mixture 
of a volatile diene, such as 1,3-butadiene, isoprene, or 2,3-dimethyl-1,3-butadiene, and a 
dienophile, such as methyl vinyl ketone, methyl acrylate, or maleic anhydrite, in a 
closed batch reactor. High yields of Diels-Alder products were obtained without using 
solvents and catalysts within a short reaction time in most of the reactions. In particular, 
several reactions of dienophiles with 1,3-butadiene, which is known as a diene with low 
reactivity because of its gaseous form, also proceeded with high yields of Diels-Alder 
products in the closed batch reactor under conditions pressured by the reactant vapor. 
Finally, dimerization of 1,3-butadiene was investigated in a closed batch 
system under high pressure conditions. 4-Vinylcyclohexene was mainly produced 
without using any solvents or catalysts at temperatures of 150-215 
o
C, and the 
selectivity to 4-vinylcyclohexene is higher than 90 mol% at temperatures above 200 
o
C. 
Large charges of reactant are efficient in achieving high conversions of 1,3-butadiene. 
Use of solvents, which dilute the reactant and absorb the reaction heat, is not favorable 
in the present dimerization of 1,3-butadiene under pressured conditions. 
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Chapter 1 Background of this research 
 
1.1 Transformation of biomass into chemicals 
1.1.1 Enhanced biomass resource application 
Biomass is biological material derived from living organisms. Recent years, the 
application of biomass resource has attracted much attention for a decade from the view 
point of CO2 emission. Biomass represents an abundant carbon-neutral renewable 
resource for the production of bio-energy and bio-chemicals, which can replace the 
energy and the materials produced from fossil resource. Shifting society’s dependence 
away from petroleum to renewable biomass resources is generally viewed as an 
important contributor to the development of a sustainable industrial society and 
effective management of greenhouse gas emissions [1]. 
Nature produces the vast amount of 170 billion metric tons of biomass per year 
by photosynthesis, 75% of which can be assigned to carbohydrates. However, only 
3-4% of these compounds are used by humans for food and non-food purposes. [2] 
Biomass carbohydrates are the most abundant renewable resources, and the key global 
biomass resources from agricultural residues, wood, and herbaceous energy crops are 
cellulose, hemicellulose, and lignin. Cellulose is a polymer of ?-(1,4)-glucan at a 
polymerization degree of 300-15000; hemicellulose is a short-chain branched, 
substituted polymer of sugars at a polymerization degree of 70-200; lignin is a polymer 
derived from coniferyl, coumaryl, and sinapyl alcohol [1].  
Biofuels usually consists of biodiesel and bioethanol, the production of those 
has been increased fast in the latest 10 years [3]. The bioethanol production relies 
largely on the fermentation of starch from corn or sugar cane [4]. Biodiesel refers to a 
vegetable oil- or animal fat-based diesel fuel consisting of long-chain alkyl esters. 
Biodiesel is typically made by the chemical reaction of vegetable oil and/or animal fat 
with an alcohol [1]. The bio-chemicals are mainly produced by two types of sugars: 
hexoses and pentoses [5]. Hexoses are six-carbon sugars, and glucose, which can be 
obtained from starch, cellulose, sucrose, and lactose, is the most common one. Pentoses 
are five-carbon sugars and xylose is the most common one. Many useful chemicals can 
be derived from biomass resources through fermentation processes or catalytic 
transformation (Figure 1-1). In the following sections, the important bio-chemicals 
formation and the derivatives of the bio-chemicals are summarized. 
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1.1.2 Lactic acid platform 
1.1.2.1 The production of lactic acid from biomass 
Lactic acid (2-hydroxypropionic acid) has two optically active isomeric forms, 
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L(+) and D(-). Lactic acid is a chemical compound that utilized in the food, and plays a 
role in various biochemical processes. Lactic acid can be produced by chemical 
synthesis or by fermentation of different carbohydrates, such as glucose, maltose, 
sucrose, lactose [6]. Lactic acid is commercially produced today mainly through the 
fermentation of glucose (Scheme 1-1), the annual world market for lactic acid 
production was ca. 259,000 metric tons in 2012, and is forecasted to reach 367,300 
metric tons by the year 2017 [7].  
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Scheme 1-1 Production of lactic acid from glucose. 
  
Recent years, biodiesel, one of the best choices among alternative fuels, has 
attracted considerable attention because it has the potential to completely displace the 
petroleum counterpart. Biodiesel is produced from triacylglycerols by transesterification 
with short chain alcohols by alkali catalysis, large quantities of glycerol is generated as 
the by-product in this process [1]. The application of oversupplied glycerol has been 
attracted much attention, and lactic acid formation from glycerol is also reported 
(Scheme 1-2). For example, the engineered Escherichia coli produced 100.3 g L
−1
 of 
D-lactic acid with 99.97% optical purity from 531.5 g of crude glycerol with an overall 
productivity of 2.78 g L
−1
 h
−1
 and a yield of 75.4 g per 100 g glycerol (0.77 mol mol
−1
) 
in a 7 L bioreactor [8]. Liquid-phase catalytic transformation of glycerol into lactic acid 
was also reported by Purushothaman et al. Lactic acid with a yield of higher than 80% 
was obtained over CeO2-supported Au-Pt bimetallic catalysts at 100 
o
C under 5 bar 
oxygen pressure [9]. 
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Scheme 1-2 Production of lactic acid from glycerol. 
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1.1.2.2 Lactic acid derivatives 
Many kinds of useful chemicals, such as poly lactic acid, 1,2-propanediol, 
acrylic acid, and acetaldehyde, can be derived from lactic acid. 
 
1.1.2.2.1 Poly lactic acid  
Lactic acid is a building block for the manufacture of poly lactic acid, which is 
a biodegradable polymer used as an environmentally friendly biodegradable plastic. 
Poly lactic acid is the first commodity polymer produced from annually renewable 
resources and is a representative bio-based plastic that is used in packaging, stationery, 
and containers [10]. The current route for producing poly lactic acid involves first the 
oligomerization of lactic acid, followed by a depolymerization into the dehydrated 
cyclic dimer of lactide, which can be ring-opening polymerized to a 
high-molecular-weight lactic acid polymer [11]. The polymerization of lactic acid is 
catalyzed by transition metals such as tin, aluminum, lead, zinc, bismuth, ion, and 
yttrium [12]. 
 
1.1.2.2.2 1,2-Propanediol 
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O
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Scheme 1-3 Production of 1,2-propanediol from lactic acid 
 
1,2-Propanediol is a valuable chemical mainly used for producing polymers, 
and is currently produced by hydration of propylene oxide produced from selective 
oxidation of propylene. 1,2-Propanediol can also be produced by direct hydrogenation 
of lactic acid or lactates (Scheme 1-3), which can be an alternative green route to the 
petroleum-based process. The hydrogenation of ethyl lactate to 1,2-propanediol was 
carried out at 150-350 
o
C at high hydrogen pressures of 20-30 MPa, higher than 80% 
1,2-propanediol yields were obtained over copper-chromium oxide and Raney nickel 
catalysts [13-14]. Rhenium catalyst gave a 1,2-propanediol yield higher than 80% by the 
catalytic hydrogenation of lactic acid at 150 
o
C and 27 MPa hydrogen pressure [15]. A 
high 1,2-propanediol selectivity of 90% with a lactic acid conversion of 95% was also 
reported over active carbon-supported rhenium catalyst at 150 
o
C and 14.5 MPa 
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hydrogen pressure in liquid-phase reaction [16]. It is known that copper-based catalysts 
exhibit high selectivities for the hydrogenation of esters and carboxylic acids to alcohols. 
Cortright et al. reported the vapor-phase hydrogenation of lactic acid over 
silica-supported copper. The reaction was performed at total pressures between 0.10 and 
0.72 MPa and temperatures between 140 and 220 
o
C, the highest 1,2-propanediol 
selectivity of 88% with a complete lactic acid conversion was achieved at 200 
o
C and 
0.72 MPa [17]. Recently, a high 1,2-propanediol yield of 98% was also obtained from 
ethyl lactate over silica-supported copper catalyst at 180 
o
C and 1.5 MPa in vapor-phase 
catalytic reaction [18]. 
 
1.1.2.2.3 Acrylic acid 
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Scheme 1-4 Production of acrylic acid from lactic acid 
 
Acrylic acid is an important commodity chemical to synthesize acrylate 
polymers and plastics. It is currently produced using a two-step process starting from 
oxidation of propylene originated from petrochemicals [19]. Dehydration of lactic acid 
via the α-hydroxyl group can produce acrylic acid, which is a potential method to 
manufacture acrylic acid from renewable resources (Scheme 1-4). Holmen et al. 
reported that lactic acid could be converted to acrylic acid using a mixture of Na2SO4 
and CaSO4 as a catalyst in a fixed-bed reactor, the highest yield of acrylic acid was 68% 
[20]. The selectivities to acrylic acid in the gas-phase transformation of lactic acid were 
68% at 98% conversion over KI/NaY [19], 67% at 75% conversion over Na2HPO4/NaY 
[21], and 60% at 100% conversion over hydroxyapatite [22]. Acetaldehyde is the most 
dominant by-product through decarboxylation in the above reports. Acrylic acid also 
can be produced by lactic acid esters. In the case of methyl lactate transformation to 
acrylic acid, the best result was obtained over a composite catalyst of 
Ca3(PO4)2-Ca2(P2O7), which gave 91% conversion of methyl lactate with an acrylic acid 
selectivity of 80% under optimized reaction conditions at 390 °C [23]. 
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1.1.2.2.4 Acetaldehyde 
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Scheme 1-5 Production of acrylic acid from lactic acid 
 
Acetaldehyde, which is mainly used for producing ethyl acetate, also can be 
derived from lactic acid by decarboxylation (Scheme 1-5). Silica-supported 
heteropolyacids, such as silicotungstic acid, H4Si12W12O40, have been applied as a 
catalyst for production of acetaldehyde from lactic acid at 275 °C in a fixed-bed reactor 
[24]. H4SiW12O40/silica and H4SiW12O40/SBA-15 were active and selective for the 
production of acetaldehyde and gave 80% yield at 92% conversion and 83% yield at 
85% conversion, respectively.  
 
1.1.3 Succinic acid platform 
1.1.3.1 The production of succinic acid from biomass 
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Scheme 1-6 Production of succinic acid from glucose. 
 
Succinic acid is used in the food and beverage industry, primarily as an acidity 
regulator. Succinic acid is also a precursor to some specialized polyesters and a 
component of some alkyd resins. Succinic acid, its anhydride, and its esters are primary 
products from maleate hydrogenation. Succinic acid, which is currently produced from 
butane through maleic anhydride [5], can also be produced through the fermentation of 
glucose (Scheme 1-6) [25]. Succinic acid can also be produced by catalytic 
transformation from furfural, which can be produced from agricultural raw materials 
rich in pentosan polymers by acidic degradation [26]. Many important chemicals, such 
as γ-butyrolactone, tetrahydrofuran (THF), 1,4-butanediol, N-methyl-2-pyrrolidon, and 
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2-pyrrolidone, can be derived from succinic acid. The economic and environmental 
analysis of a biorefinery producing succinic acid showed that bio-succinic acid would 
become a promising intermediate [27]. 
 
1.1.3.2 Succinic acid derivatives 
1.1.3.2.1 g-Butyrolactone 
g-Butyrolactone is an important solvent, which can also be used as an 
intermediate for agrochemicals and pharmaceuticals. Many researches were done for 
producing g-butyrolactone in the hydrogenation of maleic anhydride and succinic 
anhydride, higher than 90% g-butyrolactone yields were achieved in many reports 
[28-31].  
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O
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Scheme 1-7 g-Butyrolactone derived from succinic acid. 
 
Table 1-1 Synthesis of g-butyrolactone (GBL) from succinic acid (SA). 
Catalyst Temp. Time H2 pressure SA conv. GBL select. Ref. 
 (
o
C) (h) (bar) (%) (%)  
Ru/C 240 8 60 90.0 74.0 32 
Pd/Al2O3 200 4 60 34.0 96.0 33 
Pd/TiO2 160 48 150 100.0 95.0 34 
 
The hydrogenation of succinic acid into g-butyrolactone is summarized in Table 
1. All the reactions were performed in liquid phase under high H2 pressure conditions. 
Hong et al. reported the hydrogenation of succinic acid into g-butyrolactone using Ru/C 
and Pd/Al2O3 as the catalysts at 60 bar H2 pressure [32, 33]. Ru/C gave a 
g-butyrolactone selectivity of 74% with a conversion of 90% [32]. Pd/Al2O3 gave a high 
g-butyrolactone selectivity of 96% with a low succinic acid conversion of 34% at 200 
o
C, and the conversion of succinic acid increased with increasing the reaction 
temperature, whereas the selectivity to g-butyrolactone decreased [33]. Tapin et al. 
studied the hydrogenation of succinic acid over Pd/TiO2 catalyst, a high g-butyrolactone 
selectivity of 95% with a complete conversion was obtained at 160 
o
C and 150 bar H2 
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pressure [34]. 
Succinic acid reacts with alcohols in the presence of acid catalysts to form 
dialkyl succinates [5]. The production of g-butyrolactone from dialkyl succinates is also 
reported. Diethyl succinate was used as the feedstock for producing g-butyrolactone 
over silica-supported copper catalysts [35]. The particle size of copper affected the 
reaction: the conversion of diethyl succinate decreased with the increasing copper 
particle size, whereas the selectivity to g-butyrolactone increased. A high 
g-butyrolactone selectivity of 96% with a conversion of 55% was obtained over 76 wt.% 
copper loaded on silica with an average copper particle size of 11 nm. 
 
1.1.3.2.2 THF 
THF is industrially used as a solvent for poly vinyl chloride and is also used as 
a monomer in the manufacture of polytetramethylene glycol, which is known as an 
intermediate for Spandex fibers and polyurethanes [36]. THF is mainly produced from 
the dehydration of 1,4-butanediol, and also can be produced from maleic anhydride and 
succinic anhydride [37-39]. 
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Scheme 1-8 THF derived from succinic acid. 
 
Table 1-2 Synthesis of THF from succinic acid (SA) in liquid phase. 
Catalyst Temp. Time H2 pressure SA conv. THF select. Ref. 
 (
o
C) (h) (bar) (%) (%)  
Re/C-H2SO4 240 8 80 100.0 38.1 40 
Ru/C 240 4 80 91.2 50.9 41 
Ru/Starbon
®
 100 24 10 90.0 60.0 42 
Starbon
®
, mesoporous carbonaceous material. 
 
The production of THF from succinic acid (Scheme 1-8) is summarized in 
Table 1-2. Hong et al. reported a THF selectivity of 38.1% with a complete succinic 
acid conversion in liquid phase over H2SO4-treated Re/C catalyst at 240 
o
C and 80 bar 
H2 pressure [40]. g-Butyrolactone was proposed as the intermediate, the addition of 
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H2SO4 promoted the further hydrogenation of g-butyrolactone into THF. The same 
research group also performed the reaction over Ru/C catalyst, a THF selectivity of 
50.9% with a conversion of 91.2% was obtained at 240 
o
C and 80 bar H2 pressure [41]. 
Luque et al. studied the hydrogenation of succinic acid over various Starbon
®
-supported 
metal catalysts [42]. Ru/Starbon
®
 prefered THF formation from succinic acid, the 
highest selectivity to THF was 60% with a conversion of 90% at a comparatively low 
temperature of 100 
o
C and a low H2 pressure of 10 bar. 
Vapor-phase catalytic transformation of diethyl succinate into THF and 
1,4-propanediol was also investigated by Ding et al. A high THF selectivity of 95.2% 
with a complete succinic acid conversion was achieved over physical-mixed CuO/ZnO 
and HY zeolite at 260 
o
C and 40 bar H2 pressure. It was also proposed that 
g-butyrolactone was first generated from succinic acid, a high reaction temperature and 
the addition of solid acid catalyst promoted the further hydrogenation of g-butyrolactone 
into THF [43]. 
 
1.1.3.2.3 1,4-Butanediol 
1,4-Butanediol is an important chemical, which is a starting material for the 
production of important polymers such as polyesters, polyurethanes, and polyethers [36]. 
A major 1,4-butanediol based polymer is polybutylene terephthalate, which is mainly 
used for engineering plastics, fibers, films, and adhesives. 1,4-Butanediol is also the 
feedstock of THF [36]. 1,4-Butanediol is currently produced commercially by the 
Reppe process, in which acetylene is reacted with formaldehyde [36]. However, the 
process suffers several disadvantages, such as the severe reaction conditions and the 
hazardous nature of acetylene and formaldehyde. A promising alternative to this process 
is the hydrogenation of maleic anhydride to 1,4-butanediol via a multistep reaction: 
maleic anhydride is hydrogenated to succinic anhydride, which is converted to 
g-butyrolactone, and finally the hydrogenation of g-butyrolactone leads to 
1,4-butanediol [28,44]. 
 
OH
OH
O
O
Succinic acid 1,4-Butanediol
OH
OH
-H2O/+H2
 
Scheme 1-9 Production of 1,4-butanediol from succinic acid. 
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Synthesis of 1,4-butanediol from succinic acid (Scheme 1-9) is summarized in 
Table 1-3. All the reactions were performed in liquid phase under H2 pressure [45-48]. 
g-Butyrolactone is generally proposed generated as the intermediate, which further 
hydrogenates into 1,4-butanediol depending on the catalysts used and the reaction 
conditions [45-48]. The addition of Re into Pd/C, Ru/C, and Pd/TiO2 promoted 
1,4-butanediol formation from succinic acid; Re-Pd/TiO2 catalyst gave the highest 
1,4-butanediol selectivity of 83.0% with a complete conversion at 160 
o
C and 150 bar 
H2 pressure [45-46]. It has been known that Ru/Starbon
®
 preferred THF formation from 
succinic acid [42], while Rh-Starbon
®
 preferred 1,4-butanediol formation [47]. The 
selectivity to 1,4-butanediol was 90% over Rh-Starbon
®
 at a low temperature of 100 
o
C 
and a low H2 pressure of 10 bar. Although the addition of Re into Pd/C, Ru/C and 
Pd/TiO2 promoted 1,4-butanediol formation from succinic acid, significant changes 
were not observed in Re-loaded Cu/C catalyst: the maximum selectivity to 
1,4-butanediol was 7.7% over Re-Cu/C [48]. Pd/MCM-41 also showed catalytic activity 
for 1,4-butanediol formation from succinic acid, the maximum selectivity to 
1,4-butanediol was 53.0% at 250 
o
C and 100 bar H2 pressure [49]. 
The vapor-phase catalytic transformation of succinic acid into 1,4-butanediol 
over Cu/ ZnO catalyst was also investigated by Ding et al [43]. The selectivity to 
g-butyrolactone was high at low residence time, whereas it decreased with increasing 
the residence time because that g-butyrolactone could be hydrogenated into 
1,4-butanediol completely at high residence time. A high 1,4-butanediol selectivity of 
86.1% with complete conversion was achieved at 170 
o
C, 40 bar H2 pressure at a 
residence time of 1.8 s. 
 
Table 1-3 Synthesis of 1,4-butanediol (BDO) from succinic acid (SA). 
Catalyst Temp. Time H2 pressure SA conv. BDO select. Ref. 
 (
o
C) (h) (bar) (%) (%)  
Re-Pd/C 160 77 150 46.5 66.0 45 
Re-Ru/C 160 51 150 46.0 62.0 45 
Re-Pd/TiO2 160 48 150 100.0 83.0 46 
Rh-Starbon
®
 100 24 10 60.0 90.0 47 
Re-Cu/C 200 20 80 100.0 7.7 48 
Pd/MCM-41 250 8 100 60.0 53.0 49 
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Scheme 1-10 Production of 1,4-butanediol from succinic acid. 
 
Table 1-4 Hydrogenation of g-butyrolactone (GBL) into 1,4-butanediol (BDO). 
Catalyst Temp. H2 pressure GBL conv. DBO select. Ref. 
 (
o
C) (bar) (%) (%)  
Cu/Cr2O3/BaO 210 41 68.4 92.3 50 
Cu/Pd/KOH 160 62 99.5 96.0 51 
Cu/ZnO 200 80 90.0 90.5 52 
 
The hydrogenation of g-butyrolactone into 1,4-butanediol (Scheme 1-10) was 
also reported in many patents as shown in Table 1-4. Copper-based catalysts are 
effective for the vapor-phase g-butyrolactone hydrogenation into 1,4-butanediol, 
selectivities to 1,4-butanediol higher than 90% can be achieved [50-52]. 
 
1.1.4 5-Hydroxymethylfurfural platform 
1.1.4.1 The production of 5-Hydroxymethylfurfural from biomass 
 
Glucose
O
OOH
5-Hydroxymethylfurfural
(HMF)
Fructose
Acid catalyst
Sucrose
 
Scheme 1-11 Production of HMF from biomass. 
 
Recently, many researches about the synthesis of 5-hydroxymethylfurfural 
(HMF) from biomass and the catalytic transformation of HMF into useful chemicals 
were reported. HMF is expected as a new renewable feedstock of some important 
chemicals, such as levulinic acid, 2,5-dihydroxymethyltetrahydrofuran (DHMTHF), 
2,5-dimethylfuran (DMF), 2,5-diformylfuran (DFF), and 2,5-furandicarboxylic acid 
(FDCA). HMF can be obtained by the dehydration of fructose, glucose, sucrose and 
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some other carbohydrates (Scheme 1-11) in the presence of soluble or solid acid 
catalysts. 
The most convenient method for the preparation of HMF is the acid-catalyzed 
dehydration of fructose. Aqueous processes of fructose dehydration into HMF are not 
efficient, whereas they are very convenient from an ecological point of view. Under 
these conditions, because rehydration of HMF to decompose into levulinic and formic 
acid occur easily, high HMF yields could not be achieved [53,54]. The use of organic 
molecules, such as methyl isobutyl ketone acting as an extracting solvent, increased the 
HMF yield. A 74% yield of HMF was obtained over H-mordenites in batch reaction in a 
mixture of water and methyl isobutyl ketone [55]. It was shown earlier that high yield of 
HMF can be obtained by conducting fructose dehydration in dimethyl sulfoxide 
(DMSO) to avoid the formation of by-products [56,57]. Nakamura et al. obtained HMF 
in 80% yield using DMSO as a solvent and a strongly acidic ion-exchange resin as a 
catalyst [56]. Qi et al. obtained HMF in 68% yield in the presence of sulfated ZrO2 
catalyst in a mixture of DMSO and acetone [58]. Fructose dehydration into HMF 
catalyzed by HCl in water/DMSO solutions in the presence of methyl isobutyl ketone 
and n-butanol as an extracting organic phase was reported by Chheda et al., and a high 
HMF yield of 85% was obtained [59]. The use of DMSO as solvent prevents the 
formation of levulinic and formic acids, whereas there are also some disadvantages: 
DMSO solvent is difficult to be separated from HMF and there is a possibility of toxic 
S-containing by-products formation in the decomposition of DMSO. 
In recent studies, high HMF yields were also obtained by several catalytic 
processes without using DMSO [60, 61]. Wang et al. reported a 75% yield of HMF over 
sulfated SnO2-ZrO2 solid acid catalyst [60]. The conversion of carbohydrates to HMF in 
ionic-liquids was actively investigated. Binder et al. reported a 92% yield of HMF from 
fructose catalyzed by H2SO4 catalyst in N,N-dimethylacetamide solution with LiBr or 
KI additives [61]. The use of ionic liquids combined with catalysts conducted much 
higher HMF yields not only from fructose [62], but also from cheaper carbohydrates 
such as glucose [62], sucrose [61], starch [61], and cellulose [62]. However, 
environmental and economic issues should be considered for a future mass production 
of HMF. Carbohydrate processing to HMF is expected to be costly due to the use of 
ionic liquids, extracting organic agents, catalysts, and also due to the complexity of 
product recovery and recycling operations. 
Although HMF is considered to be a versatile chemical, commercial processes 
for its manufacture through sugar routes have not yet been developed, and it is currently 
synthesized by furfural hydroxymethylation with formaldehyde [63]. However, the 
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synthesis of HMF from sugars has a high potential industrial demand because it is one 
of the new petrochemicals readily accessible from renewable resources. 
 
1.1.4.2 5-Hydroxymethylfurfural derivers 
1.1.4.2.1 2,5-furandicarboxylic acid (FDCA) 
2,5-furandicarboxylic acid (FDCA) is a potential substitute for terephthalic or 
isophthalic acids in the manufacture of polyamides, polyesters and polyurethanes [64]. 
A Co/Mn/Zr/Br catalyst was applied in the air oxidation of HMF into FDCA, and a 60% 
yield of FDCA was obtained at 125 
o
C under 70 bar air pressure for 3 h [65]. Carbon- or 
alumina-supported Pt catalysts have been found to be efficient for HMF oxidation into 
FDCA [66-69]. Pt/Al2O3 catalyst gave a near-quantitative yield of FDCA from HMF 
oxidation under basic reaction conditions at 60 
o
C [70]. Supported Au catalysts were 
also effective for FDCA formation, Au/CeO2 catalyst gave a 99% yield of FDCA from 
HMF under mild conditions: 65-130 
o
C, 10 bar air [71]. 
 
O
OOH
5-Hydroxymethylfurfural
(HMF)
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2,5-furandicarboxylic acid
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Scheme 1-12 Production of FDCA from HMF. 
 
The preparation of FDCA directly from fructose was also investigated in one 
pot. A 70% yield of FDCA from fructose was obtained in the presence of cobalt 
acetylacetonate encapsulated in sol-gel silica at 160 
o
C and 20 bar air pressure [72]. 
 
1.1.4.2.2 2,5-Diformylfuran (DFF) 
 
O
OOH
5-Hydroxymethylfurfural
(HMF)
-H2 O
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2,5-Diformylfuran
(DFF)
Catalytic oxidation
 
Scheme 1-13 Production of DFF from HMF. 
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2,5-Diformylfuran (DFF) is a versatile chemical, which can be used as a 
monomer [73], as a starting material for the synthesis of pharmaceuticals and antifungal 
agents in photography [74], and also as a component for foundry sand binders [75]. In 
an early study, HMF was oxidized using Co/Mn/Br catalysts under air pressure, and a 
57% yield of DFF was obtained [65]. Moreau et al. carried out the air oxidation of HMF 
in toluene and methyl isobutyl ketone in the presence of V2O5/TiO2 catalysts, a 95% 
selectivity to DFF at 90% conversion was obtained [76]. Carlini et al. reported a 97% 
selectivity to DFF with a 84% conversion of HMF in the presence of VOPO4?2H2O 
catalyst and N,N-dimethylformamide [77]. Recent years, many researches about HMF 
oxidation into DFF were done and near-quantitative yields of DFF were achieved in 
several catalytic processes as shown in Table 1-5.  
The transformation of fructose into DFF was also investigated. Halliday et al. 
first reported the direct production of DFF from D-fructose, a maximum yield of 45% 
was obtained over acidic ion-exchange resin catalyst at 1 bar air pressure and 150 
o
C 
[85]. Carlini et al. also tested the one-pot process directly from D-fructose: an 84% 
conversion with 97% selectivity to DFF was obtained over VOP catalyst at 150 
o
C 
under O2 atmosphere [86]. In a recent study, Yang et al. reported an 80% yield of DFF 
from fructose over Fe3O4-SBA-SO3H and K-OMS-2 combined catalysts at 110 
o
C [87]. 
 
Table 1-5 Oxidation of HMF into DFF. 
Catalyst Temp. Pressure HMF 
conv. 
DFF 
select. 
Ref. 
(
o
C) (bar) (%) (%)  
Vanadyl-acetylacetonate/PVP 130 10 (air) 82.0 99.0 78 
Cu(NO3)2/VOSO4 80 1 (O2) 99.0 99.0 79 
TEMPO
a
/CuCl RT. 1 (O2) 100.0 95.0 80 
Ru/C 110 20 (O2) 100.0 96.2 81 
Ru/Al2O3 130 2.8 (O2) 99.0 97.0 82 
Co/Ce/Ru 120 1 (O2) 89.3 96.5 83 
Ag-OMS
b
 165 15 (air) 99.0 100.0 84 
a
 TEMPO: 2,2,6,6-tetramethyl-piperidin-1-oxyl. 
b
 OMS: octahedral molecular sieve. 
 
1.1.4.2.3 Dihydroxymethylfuran (DHMF), 2,5-dihydroxymethyltetrahydrofuran 
(DHMTHF) 
Many useful chemicals can be obtained from the hydrogenation of HMF, 
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whereas 2,5-dihydroxymethylfuran (DHMF), 2,5-dihydroxymethyltetrahydrofuran 
(DHMTHF) and 2,5-dimethylfuran (DMF) are specifically targeted. DHMF and 
DHMTHF are very important fine chemicals that can be applied in the manufacture of 
polyurethane foams or polyesters [5,88,89].  
DHMF has been mainly obtained by catalytic hydrogenation of HMF. Several 
supported metal (copper, nickel, platinum, and cobalt) catalysts were effective for 
DHMF formation from HMF [90,91]. Near-quantitative yields of DHMF can be 
achieved over copper or platinum catalyst at 140 
o
C and 70 bar H2 pressure [91]. 
 
O
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(HMF)
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O
OHOH
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(DHMTHF)
O
OHOH
2,5-Dihydroxymethylfuran
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Scheme 1-14 Production of DHMF and DHMTHF from HMF. 
 
Hydrogenation of HMF into DHMTHF is summarized in Table 1-6. Raney-Ni 
catalyst gave a 100% yield of DHMTHF at 60 
o
C and 4 bar H2 pressure [92], 
Ni-Pd/SiO2 and Ru/CeO2 catalysts also gave higher than 90% yields of DHMTHF at the 
suitable reaction conditions [93,94]. 1,6-Hexanediol, which can be converted into 
caprolactam for Nylon-6 production, can be synthesized by DHMTHF hydrogenation. 
Buntara et al. reported a 86% yield of 1,6-hexanediol from DHMTHF over a 
Rh-Re/SiO2 catalyst [95]. 
 
Table 1-6 HMF hydrogenation into DHMTHF. 
Catalyst Temp. H2 pressure DHMTHF yield Ref. 
 (
o
C) (bar) (%)  
Raney-Ni 60 4 100 92 
Ni-Pd/SiO2 40 80 96 93 
Ru/CeO2  130 3 91 94 
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1.1.4.2.4 2,5-Dimethylfuran (DMF) 
DMF is another important chemical derived from HMF. DMF has a boiling 
point suitable for a liquid transportation fuel, and has low water solubility and the high 
research octane number. Moreover, it has also an energy density of ca. 30 kJ cm
-3
 and a 
boiling point of 92 
o
C, which is 40% and 20 
o
C higher than those of bioethanol [61,96]. 
 
O
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Scheme 1-15 Production of DMF from HMF. 
 
Table 1-7 summarizes HMF hydrogenation into DMF. DMF was obtained at a 
79.0% yield over Cu-Ru/C catalyst by vapor-phase hydrogenolysis of 10 wt % HMF in 
1-butanol solution in a flow reactor [96]. A 95.0% yield of DMF was also obtained by 
heating HMF/THF solution at reflux conditions in the presence of formic acid, H2SO4 
and a Pd/C catalyst [97]. Ru/C and Ru/Co3O4 catalysts gave a 94.7% and 93.4% yield of 
DMF, respectively [99,101]. Near-quantitative yields to DMF were obtained over 
Pd-Au/C or Pt-Co bimetallic catalyst in recent researches [98,100].  
 
Table 1-7 HMF hydrogenation into DMF. 
Catalyst Temp. H2 pressure DMF yield Ref. 
 (
o
C) (bar) (%)  
Cu-Ru/C 120 6.8 79.0 96 
Pd/C 120 - 95.0 97 
Pd-Au/C 60 1.0 99.0 98 
Ru/C 200 20.0 94.7 99 
Pt-Co 180 10.0 98.0 100 
Ru/Co3O4 130 7.0 93.4 101 
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1.1.5 Furfural platform 
1.1.5.1 The production of furfural from biomass 
 
Hemicellulose O
O
Furfural
Xylose
Acid catalyst
 
Scheme 1-16 Production of furfural from hemicellulose and xylose. 
 
Furfural, the only large-volume, unsaturated chemical produced from 
carbohydrates, is an important chemical readily derived from biomass. It is an important 
intermediate for the production of furfuryl alcohol, furan, tetrahydrofuran, furoic acid 
and HMF, and is produced industrially by hydrolysis of agricultural and forestry wastes 
with concentrated sulfuric acid [102], or by the cyclodehydration of xylose on acid 
catalysts [103]. The maximum selectivity to furfural is lower than 70% in concentrated 
sulfuric acid catalyzed process [104], whereas is up to 80% when continuous extraction 
with supercritical CO2 is performed [105]. 
 
Table 1-8 The production of furfural from biomass. 
Reactant Catalyst Temp. Furfural yield Ref. 
  (
o
C) (%)  
Xylose Mordenite 170 28.0 106 
Xylose Sucfated MCM 140 74.0 107-109 
Xylose Beta zeolite 170 74.0 110-111 
Xylose ZSM-5 zeolite 200 46.0 112 
Xylose H-mordenite 260 98.0 113 
Xylose Nb2O5/MCM-41 170 59.9 114 
Xylose Nb2O5/SBA-15 160 78.1 115 
Xylose NbP 210 44.7 116 
Xylose Functionalized SiO2 170 58.5 117 
Hemicellulose H-USY 170 12.0 118 
Hemicellulose SAPO-44 170 63.0 119 
 
Heterogeneous catalytic processes for dehydration of hemicellulose and xylose, 
which can be produced from the dehydration of hemicellulose, into furfural offer 
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environmental as well as economic advantages, many researches were done to develop 
such processes (Table 1-8). Moreau et al. reported the dehydration of xylose into 
furfural over zeolites in a solvent mixture of water and methyl isobutyl ketone or 
toluene: mordenite was an effective catalyst for furfural formation, and a 28.0% yield 
was achieved at 170 
o
C [106]. Dias et al. reported the dehydration of xylose over 
various acid catalysts, such as heteopolyacids, sulfated MCM, niobium silicates, in the 
presence of DMSO and water or toluene: sulfated MCM gave the highest furfural yield 
of 74.0% at a reaction temperature of 140 
o
C [107-109]. A 74.0% yield of furfural from 
xylose was also obtained over Beta zeolite catalyst at a Si/Al ratio of 12 and 170 
o
C 
[110,111]. ZSM-5 zeolite gave a 46.0% yield of furfural from xylose at a reaction 
temperature of 200 
o
C [112]. Xylose was dehydrated over H-mordenite using a 
continuous two-liquid-phase (aqueous-toluene) plug-flow reactor at 260 
o
C and 55 bar, 
a 98.0% furfural yield was achieved [113]. García-Sancho et al. studied the dehydration 
of xylose using MCM-41-supported Nb2O5 catalysts: xylose conversion and furfural 
yield increased with increasing the reaction time and temperature, the presence of NaCl 
in the reaction medium further increased the furfural yield and a maximum furfural 
yield of 59.9% was obtained at 170 
o
C [114]. In a further study of the research group, 
the yield of furfural was up to 78.1% when Nb2O5 was loaded on SBA-15 [115]. A 
44.7% yield of furfural from xylose was obtained over phosphoric acid treated niobic 
acid catalyst [116]. Aminopropyl-functionalized SiO2 was found to be effective for 
xylose dehydration into furfural and a 58.5% yield of furfural was achieved at 170 
o
C 
[117]. 
A one-pot dehydration of hemicellulose suspended in water was studied at 170 
o
C in the presence of an H-USY catalyst; the yield of pentoses (xylose and arabinose) 
was 41.0%, whereas the yield of furfural was only 12.0% [118]. In a recent research, 
silicoaluminophosphate (SAPO) catalyst was studied in one-pot hemicellulose 
dehydration into furfural: a 63.0% yield of furfural was attained over SAPO-44, which 
had hydrophilic characteristics and was stable under reaction conditions [119]. 
 
1.1.5.2 Furfural derivers 
1.1.5.2.1 Furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFFA) and 
1,5-pentanediol 
 Furfuryl alcohol is an important chemical, which is mainly used in the 
manufacture of resins, tetrahydrofurfuryl alcohol, and it is also used for the manufacture 
of fragrances, vitamin C, and lysine as an intermediate [5]. FA is currently manufactured 
by hydrogenation of furfural in liquid or vapor phase over copper-chromite catalysts 
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[27]. Selectivities to FA higher than 98% could be achieved over copper-chromite 
catalysts in both liquid- and vapor-phase reactions [120-122]. However, many studies 
were done to find more environmentally acceptable catalysts, which can selectively 
hydrogenate the carbonyl group and preserve the C=C bonds, than copper-chromite, 
which is toxicity and causes severe environmental pollution. 
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Scheme 1-17 Production furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFFA) and 
1,5-pentanediol from furfural. 
 
Liquid-phase hydrogenation of furfural into FA is summarized in Table 1-9. 
Baijun et al. studied furfural hydrogenation over Raney nickel catalysts modified with 
salts of heteropolyacids, a 98.0% selectivity to FA with a conversion of 98.1% was 
achieved in the liquid phase at 80 
o
C and 20 bar H2 pressure [123]. Pt/SiO2 with 0.6 
wt.% Pt gave a 98.7% selectivity to FA at a low conversion of 36.0% at 100 
o
C and 10 
bar H2 pressure [124]. The reduction temperature of H2IrCl6 precursor greatly affected 
the catalytic property of Ir/TiO2, a 100% selectivity to FA with a conversion 30.0% was 
achieved over 2 wt.% Ir/TiO2 catalyst reduced at 500 
o
C in the presence of 
n-heptane-ethanol [125]. Highly dispersed amorphous NiMoB supported on Al2O3 was 
prepared for the furfural hydrogenation, a 91.0% selectivity to FA with a conversion of 
99.0% was obtained over MoNiB/γ-Al2O3 at an appropriate Ni/Mo ratio of 7 [126]. The 
nickel-promoted Cu-based catalysts for furfural hydrogenation were prepared from the 
hydrotalcite-like precursors, Cu
0
 species from the reduction of Cu
2+
 ions in spinel 
phases were deduced to be more active for furfural hydrogenation and a 89.2% 
selectivity to FA with a conversion of 93.2% was obtained over Cu-Ni/MgAlO catalysts 
at a Cu and Ni loadings of 12.5 wt.% and 4.5 wt.% [127]. Recently, Tamura et al. 
reported a 99.0% selectivity to FA with a conversion of 99.0% over Ir-ReOx/SiO2 
catalyst at a low temperature of 30 
o
C and 8 bar H2 pressure [128]. Villaverde et al. 
prepared various copper based catalysts for furfural hydrogenation: CuMgAl showed 
the highest catalytic activity and gave a 100% yield of FA [129]. 
 
 
21 
 
Table 1-9 Liquid-phase hydrogenation of furfural into furfuryl alcohol (FA). 
Catalyst Temp. H2 
pressure 
furfural 
conv. 
FA  
select. 
Ref. 
 (?) (bar) (%) (%)  
Cu3/2PMo12O40 loaded Raney-Ni 80 20 98.1 98.5 123 
Pt/SiO2 100 10 36.0 98.7 124 
Ir/TiO2 90 6.2 30.0 100.0 125 
MoNiB/γ-Al2O3 80 50 99.0 91.0 126 
Cu-Ni/MgAlO 200 10 93.2 89.2 127 
Ir-ReOx/SiO2 30 8 99.0 99.0 128 
CuMgAl 110 10 100.0 100.0 129 
 
There is a little report of vapor-phase hydrogenation of furfural into FA. 16 
wt.% Cu/MgO catalyst prepared by coprecipitation yielded FA with a 98% selectivity at 
98% conversion at 180 
o
C and atmospheric H2 pressure, the presence of Cu
0
 and Cu
+
 
sites on the catalyst surface was proposed to be responsible for the higher activity [130]. 
Cu/SiO2 gave a 65% yield of FA at 290 
o
C [131] and Cu/SBA-15 catalyst gave a 95% 
selectivity to FA at 54% conversion at 110 
o
C and atmospheric H2 pressure in a recent 
report [132].  
Tetrahydrofurfuryl alcohol (THFFA) is an important chemical for producing 
1,5-pentanediol, which is used for polyesters production. 96% yield of THFFA can be 
obtained over copper chromite catalyst at a low temperature of 120 °C in liquid phase 
[133], and a 94% yield can be obtained over Ni/SiO2 catalyst in vapor phase [134]. 
Tomishige et al. did extensive works on THFFA hydrogenation into 
1,5-pentanediol, they prepared modified Ru/SiO2, Rh/C, and Ir/SiO2 catalysts with Re, 
Mo, W for THFFA hydrogenation and the maximum 1,5-pentanediol yield of 94% was 
obtained over Re modified Rh/C catalyst [135-141]. Beside Tomishige group, Xu et al. 
reported a 31% yield of 1,5-pentanediol using Pt/Co2AlO4 catalyst [142] and Chatterjee 
et al. reported a 73% yield using Rh/MCM-41 catalyst in the presence of supercritical 
CO2 [143]. 
In a recent report of Tomishige group, a 71.4% yield of 1,5-pentanediol was 
achieved from one-pot furfural hydrogenation over Pd-Ir-ReOx/SiO2 catalyst at 100 
o
C 
and 80 bar H2 pressure [144]. 
 
 
 
22 
 
1.1.5.2.2 Furan and THF 
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Scheme 1-18 Production of furan and THF from furfural. 
 
Furan, which is used for producing THF, and also as a research octane number 
enhancer in gasoline blends, is commercial produced from furfural [5]. THF is also well 
known as an important industrial solvent.  
Catalytic decarbonylation of furfural is usually carried out using Pd supported 
on a basic support [145,146]. The vapor-phase decarbonylation of furfural into furan 
was performed in a fixed-bed reactor over Pd/Al2O3 catalysts loaded with potassium 
carbonate, which can promote the decarbonylation and suppress hydrogenation side 
reaction, a 99.5% yield of furan was obtained over 8 wt % potassium carbonate loaded 
Pd/Al2O3 catalyst at 260 
o
C [146]. Sitthisa et al. performed the vapor-phase furfural 
hydrodeoxygenation over SiO2-supported Cu, Pd, and Ni catalysts: Pd/SiO2 gave the 
highest furan yield of 59% at 250 
o
C, Ni/SiO2 gave a 50% yield of furan at 250 
o
C, 
while Cu/SiO2 preferred furfuryl alcohol formation [147]. Pushkarev et al. studied the 
vapor-phase transformation of furfural in H2 over Pt nanoparticles with various particle 
sizes at a range of 1.5-7.1 nm. They found the size of Pt nanoparticles affected the 
selectivity of the products, the highest furan selectivity of 96% was achieved over Pt 
nanoparticle at a smallest Pt size of 1.5 nm [148]. 
A 96% selectivity to THF at 98% conversion of furan was achieved over 
aminopolysiloxane-supported Pd catalyst in a continuous furan hydrogenation in 
supercritical CO2, 1-butanol was the only by-product [149]. Garcia-Suarez et al. studied 
furfural hydrogenation with hydrogen generated by formic acid decomposition induced 
by microwave irradiation over carbon-supported Pd-colloidal particles stabilized by 
trioctyl- or triphenyl-phosphine, a 15% selectivity to furan and a 80% selectivity to THF 
was obtained at 90% furfural conversion at 100 
o
C [150]. 
 
1.1.5.2.3 2-Methylfuran (MF) 
The hydrogenation of furfural to 2-methylfuran (MF) has triggered interests 
because of its good fuel performance [151]. MF also can be hydrogenated into 
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2-methyltetrafuran, which has use as an alternative solvent for many reactions or as a 
fuel component [152-153]. 
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Scheme 1-19 Production of 2-methylfuran (MF) from furfural. 
 
Pt/C with 5% Pt gave a 40.4% yield of MF in liquid-phase furfural 
hydrogenation at 175 
o
C and 80 bar H2 pressure [154]. A 93.5% yield of MF was 
obtained over Cu-Mn-Si catalyst at 279 
o
C and atmospheric H2 pressure in liquid phase 
[155]. Vapor-phase furfural hydrogenation carried out at 250 
o
C over a multicomponent 
commercial catalyst (Cu:Zn:Al:Ca:Na=59:33:6:1:1) yielded 87% of MF [156]. The 
hydrogenation of furfural in vapor phase at 252 
o
C over a SiO2-supported Cu/Fe catalyst 
afforded a 98% yield of MF [157], whereas the yield of MF was only 51% at 220 
o
C 
over Cu/Fe catalyst prepared by co-precipitation method without supports [158]. The 
hydrogenation of furfural in supercritical CO2 on a copper-chromite catalyst at 240 °C 
resulted in a 90% selectivity to MF [133]. 
 
1.1.6 Levulinic acid platform 
1.1.6.1 Production of levulinic acid from biomass  
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Scheme 1-20 Production of levulinic acid from biomass. 
 
Levulinic acid is useful as a food flavoring agent, and starting material for the 
preparation of a variety of industrial and pharmaceutical compounds [159,160]. The 
renewables process was developed at the industrial scale for the production of levulinic 
acid from cellulose and hemicellulose present in agricultural or forest residues [161]. 
24 
 
The raw material was hydrolysed and dehydrated in H2SO4 solutions in a first reactor 
yielding HMF, which was recovered and converted in a second reactor to levulinic acid 
with a 60% yield with respect to the monomers contained in the starting cellulosic 
materials [162]. 
There are many advantages in solid catalyst processes, and the attempts of LA 
formation in the presence of solid acid catalysts were also reported, especially in recent 
years. Lourvanij et al. studied LA formation from glucose over various zeolites and 
mesoporous aluminosilicates in liquid phase, the yields of LA was lower than 10% due 
to significant coke formation [163,164]. They also performed the reaction using 
Fe-pillared montmorillonite catalysts, the yields of LA were lower than 20% because of 
the coke formation [165]. Pham et al. performed the reaction over Amberlyst-15 catalyst 
in capped glass tubes, a maximum LA yield of 52% was obtained at 120 
o
C [166]. 
Weingarten et al. studied the production of LA from cellulose by two steps: 1, 
non-catalytic hydrothermal decomposition of cellulose at moderate temperatures 
(190-270 
o
C) to produce organic water-soluble compounds including glucose and HMF; 
2, water-soluble compounds are further reacted with a solid acid catalyst at relatively 
low temperatures (160 
o
C) to produce levulinic acid and formic acid. The maximum 
yield of LA was 28% over Amberlyst-70 catalyst in the tow-step process [161]. A 22% 
selectivity to LA at a conversion of 64% was obtained from glucose over zirconium 
phosphate catalyst [168]. Several mixed-acid systems were studied for glucose 
decomposition to LA, the CrCl3-H3PO4 system showed the best catalytic activity, and a 
50.3% yield of LA was obtained at a reaction temperature of 170 
o
C [169]. Suacharoen 
et al. performed liquid-phase hydrothermolysis of various carbohydrates to levulinic 
acid using porous aluminosilicate-supported metal catalysts: a 38.1% yield of LA from 
glucose was obtained over 20% Ru-ZSM-5; a 37.8% yield of LA from sucrose was 
obtained over 20% Ru-ZSM-5; a 32.2% yield of LA from starch was obtained over 20% 
Ru-Al-SBA-15 [170]. A novel solid acid catalyst, sulfonated chloromethyl polystyrene 
resin, was synthesized and used for LA formation from carbohydrates by Zuo et al.; the 
maximum yields achieved from glucose, sucrose and cellulose were 44.2%, 48.5% and 
65.5%, respectively, at a reaction temperature of 170 
o
C [171] 
 
1.1.6.2 Levulinic acid derivatives 
1.1.6.2.1 g-Valerolactone 
In the past few years attention was highly focussed on g-valerolactone (GVL) 
obtained by hydrogenation of levulinic acid or levulinic acid esters. GVL is an ideal 
liquid for use as a solvent and an intermediate in the chemical industry or for energy 
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storage [172]. 
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Scheme 1-21 Production of GVL from LA. 
 
Most of the investigations on LA conversion to GVL were achieved in liquid 
phase. The liquid-phase LA hydrogenation into GVL is summarized in Table 1-10. 
Supported precious metal catalysts were used for LA hydrogenation into GVL in lots of 
reports. Manzer performed LA hydrogenation over various carbon-supported metal (Ru, 
Ir, Pt, Rh, Re, Ni, and Pd,) catalysts; Ru/C showed the highest catalytic activity for GVL 
formation and a 97.0% yield of GVL was obtained at 150 
o
C and 55 bar H2 pressure 
[173]. LA hydrogenation over Ru/C was also investigated by other groups 
[175,176,178], the highest GVL yield of 99.9% was achieved by Galletti et al. at a 
reaction condition of 70 
o
C and 30 H2 pressure [176]. Al2O3- or 
polyethersulfone-supported Ru also gave high GVL yields [177,179], and a quantitative 
yield of GVL was obtained over Ru nanoparticles at 130 
o
C and 12 bar H2 pressure 
[174]. A 99.0% yield of GVL was obtained from LA over carbon nanotube-supported Ir 
catalyst at 50 
o
C and 20 bar H2 pressure [182]. Yan et al. studied LA hydrogenation into 
GVL using various supported Pd catalysts: MCM-41-supported Pd catalyst showed the 
highest performance on GVL formation and a 96.3% yield of GVL was obtained at 240 
o
C and 60 bar H2 pressure [183-185].  
Because of the high price of precious metal catalysts, GVL formation from LA 
was investigated by several groups using base metals based catalysts, and copper based 
catalysts even showed performance higher than precious metals-based catalysts. Yan et 
al. performed LA hydrogenation over Cu/Cr and Cu/Fe catalysts, ca. 90.0% yields to 
GVL were obtained [186,187]. Cu/ZrO2 and Cu/Al2O3 catalysts even gave 
near-quantitative yields to GVL in the report of Hengne et al. [188]. Raney Ni also 
effective for GVL formation from LA, a 94.0% yield of GVL was achieved from LA in 
a previous report [191]. 
Recent years, liquid-phase LA hydrogenation into GVL in the absence of H2 
was investigated by several groups. Du et al. performed the reaction in the presence of 
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formic acid, which was used as an alternative source of hydrogen, over various 
supported catalysts, Au/ZrO2 catalyst gave a near-quantitative yield of GVL at 150 
o
C 
and 5 bar N2 pressure [180]. Son et al. reported a 97.0% yield of GVL form LA over 
Au/ZrO2 catalyst in the presence of formic acid at 150 
o
C and atmospheric air pressure 
[181]. Cu/ZrO2 was also effective for GVL formation from LA and formic acid, a 100% 
yield of GVL was achieved at 200 
o
C and 10 bar N2 pressure in the report of Yuan et al. 
[189]. 
In a latest report, high yields of GVL were even obtained from LA and alcohols 
over metal oxide catalysts [191]. A 96.0% yield of GVL was achieved from LA in the 
presence of 1-pentanol, which is used as solvent and hydrogen donor, over Zr-Beta 
zeolite catalyst at 100 
o
C and atmospheric air pressure. 
 
Table 1-10 GVL synthesis from levulinic acid in the liquid phase. 
Catalyst Temp. H2 pressure LA conv. GVL select. GVL yield Ref. 
 (
o
C) (bar) (%) (%) (%)  
Ru/C 150 55 100.0 97.0 97.0 173 
Ru-NPs 130 12 100.0 100.0 100.0 174 
Ru/C 130 12 99.0 92.0 91.1 175 
Ru/C 70 30 100.0 99.9 99.9 176 
Ru/Al2O3 140 50 100.0 98.0 98.0 177 
Ru/C 130 20 100.0 98.8 98.8 178 
Ru/SPES
a
 70 30 87.9 98.0 86.1 179 
Au/ZrO2 150 5 (N2) >99.0 99.0 100.0 180 
Au/ZrO2 150 1 (air) 100.0 97.0 97.0 181 
Ir/CNT 50 20 100.0 99.0 99.0 182 
Pd/CNT 200 60 57.6 56.3 32.4 183 
Pd/SiO2 150 50 75.6 97.8 73.9 184 
Pd/MCM-41 240 60 99.0 97.3 96.3 185 
Cu/Cr 200 60 100.0 90.7 90.7 186 
Cu/Fe 220 90 98.7 91.3 90.1 187 
Cu/ZrO2 200 34 100.0 99.9 100.0 188 
Cu/Al2O3 200 34 100.0 99.9 100.0 188 
Cu/ZrO2 200 10 (N2) 100.0 100.0 100.0 189 
Raney Ni 220 48 - - 94.0 190 
Zr-Beta zeolite 100 1 (air) 100.0 96.0 96.0 191 
a
 SPES: sulfonated polyethersulfone. 
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There are few reports on vapor-phase hydrogenation of LA into GVL (Table 
1-11). Uprare et al. studied GVL formation from LA in vapor-phase over various 
supported catalysts [192,193]. Cu/SiO2 and Ru/C catalyst gave a 99.9% and 98.6% 
yield of GVL at 265 
o
C and the catalytic activity was stable during 300 h and 240 h, 
respectively. However, the productivity of Cu/SiO2 and Ru/C was only ca. 0.45 kgGVL 
kgcatalyst
-1
 h
-1
 because the feed was diluted (10% LA in 1,4-dioxane) with a solvent of 
1,4-dioxane. Mohan et al. reported a 92.2% yield of GVL with a high productivity of 
0.91 kgGVL kgcatalyst
-1
 h
-1
 over Ni/ZSM-5 catalyst at 250 
o
C and atmospheric H2 pressure 
using pure LA as the reactant [194]. However, significant catalyst deactivation was 
observed after the 3rd hour of run. 
 
Table 1-11 GVL synthesis from levulinic acid (LA) in vapor phase. 
Catalyst Temp. H2 pressure LA conv. GVL select. GVL yield Ref. 
 (
o
C) (bar) (%) (%) (%)  
Cu/SiO2 265 10 100 99.9 99.9 192 
Ru/C 265 1 100 98.6 98.6 193 
Pd/C 265 1 100 90.0 90.0 193 
Pt/C 265 1 100 30.0 30.0 193 
Ni/ZSM-5 250 1 100 92.2 92.2 194 
 
Esters of levulinic acid can also be a feedstock of GVL, and many studies were 
done for producing GVL from esters of levulinic acid (Table 1-12). Esters of levulinic 
acid are important compounds which are used for flavoring, solvents, and plasticizers, 
which can be synthesized by esterification of levulinic acid with the respective alcohols 
even at room temperature [195]. Since ester formation is an equilibrium-limited reaction, 
a catalytic distillation reactor to drive the reaction to completion is required [5] and the 
typical catalyst used for esterification is sulfuric acid [196]. Esters of levulinic acid can 
also be synthesized from furfuryl alcohol by catalytic transformation [197,198]. 
Hengne et al. investigated liquid-phase GVL formation from methyl levulinate 
over various supported precious metal (Ru, Pd, and Pt) catalysts, the maximum yield of 
GVL was 86.5% over Ru/C at 130 
o
C and 34 bar H2 pressure [199]. Ru/HZSM-5 gave a 
96.0% yield of GVL from methyl levulinate at 140 
o
C and 30 bar H2 pressure in the 
report of Nadgeri et al [200]. Cu/ZrO2 was also effective for GVL formation from 
methyl levulinate, an 87.4% yield of GVL was obtained at 200 
o
C and 34 bar H2 
pressure [204]. Raney Ni gave a 99.0% yield of GVL from ethyl levulinate at room 
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temperature and atmospheric Ar pressure in the presence of 2-propanol, which is used as 
a hydrogen donor [201]. Chia et al. reported a 92.0% yield of GVL from butyl levulinate 
over ZrO2 catalyst at 150 
o
C and 21 bar He pressure, 2-butanol was used as the 
hydrogen donor and gave GVL yields higher than other alcohols did [202]. Tang 
reported an 81.5% yield of GVL from ethyl levulinate over ZrO2 at 150 
o
C and 70 bar 
ethanol pressure, ethanol was used as solvent and hydrogen donor [203]. 
 
Table 1-12 GVL synthesis from levulinic esters (LE) in liquid phase. 
Reactant Catalyst Temp. H2 pressure GVL yield Ref. 
  (
o
C) (bar) (%)  
ML Ru/C 130 34 86.5 199 
ML Ru/HZSM-5 140 30 96.0 200 
EL Raney Ni  RT. 1 (Ar) 99.0 201 
BL ZrO2 150 21 (He) 92.0 202 
EL ZrO2 250 70 (Ethanol) 81.5 203 
ML Cu/ZrO2 200 35 87.4 204 
ML, Methyl levulinate; EL, Ethyl levulinate; BL, Butyl levulinate. 
 
1.1.6.2.2 1,4-Pentanediol (PDO), 2-methyltetrahydrofuran (MTHF) 
Liquid-phase hydrogenation of LA and GVL into 1,4-Pentanediol (PDO) and 
2-methyltetrahydrofuran (MTHF) is summarized in Table 1-13 and 1-14. PDO can be 
used as a potential monomer for the production of polyesters [27]. MTHF is useful as an 
alternative solvent or a fuel component, and it is useful for producing polymer fibers 
[152,205]. 
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Scheme 1-22 Production of BDO and MTHF from LA or GVL. 
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Organometallic catalysts based on ruthenium were investigated and found to be 
efficient for PDO formation from LA or GVL [206,207]. The hydrogenation of GVL at 
200 °C under 83 bar H2 pressure in the presence of ruthenium acetylacetonate afforded 
63% yield of PDO [206]. Ru-triphos (1,1,1-tris-(diphenylphosphino-methyl)ethane) 
complex gave a 95% yield of PDO from LA at 160 
o
C and 100 bar H2 pressure [207]. 
The addition of acidic ionic liquid of NH4PF6 resulted in high MTHF yields in both the 
two reports mentioned above. 72% and 100% yields of MTHF were obtained from GVL 
and LA, respectively, in the presence of ruthenium acetylacetonate and NH4PF6 at 200 
o
C. Ru-triphos complex added with NH4PF6 gave a 92% yield of MTHF from LA at 160 
o
C and 100 bar H2 pressure. 
Du et al. studied GVL hydrogenation over Cu/ZrO2 catalysts prepared by 
oxalate-gel-coprecipitation method [208]. They found that the calcination temperature 
of Cu/ZrO2 affected the selectivities to the products: a 97% yield was obtained at a 
Cu/ZrO2 calcination temperature of 600 
o
C at a reaction temperature of 200 
o
C and 60 
bar H2 pressure, a 92% yield was obtained at a Cu/ZrO2 calcination temperature of 400 
o
C at 240 
o
C and 60 bar H2 pressure [208]. Re-promoted Ru/C catalysts was prepared 
for LA hydrogenation, an 82% yield of PDO was obtained at 140 
o
C and a high H2 
pressure of 150 bar [209]. Mo modified Rh/SiO2 was also found to be an effective 
catalyst for the aqueous phase selective hydrogenation of LA to PDO, a 70% yield of 
PDO with a complete conversion was achieved at 80 
o
C and 60 bar H2 pressure [210]. 
In a latest paper, a 43% yield of MTHF from GVL was reported over Ru/C catalyst 
[211]. 
 
Table 1-13 1,4-Pentanediol (PDO) synthesis from LA and GVL in liquid phase. 
Reactant Catalyst Temp. H2 pressure PDO yield Ref. 
  (
o
C) (bar) (%)  
GVL Ru(acac)3
a
 200 83 63 206 
LA Ru-triphos
b
 160 100 95 207 
GVL Cu/ZrO2 200 60 97 208 
LA Ru-Re/C 140 150 82 209 
LA Rh-Mo/SiO2 80 60 70 210 
a
Ru(acac)3: Ruthenium acetylacetonate 
b
Triphos: 1,1,1-tris-(diphenylphosphino-methyl)ethane 
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Table 1-14 MTHF synthesis from LA and GVL in liquid phase. 
Reactant Catalyst Temp. H2 pressure MTHF yield Ref. 
  (
o
C) (bar) (%)  
GVL Ru(acac)3+NH4PF6 200 76 72 206 
LA Ru(acac)3+NH4PF6 200 83 100 206 
LA Ru-triphos
a
+NH4PF6 160 100 92 207 
GVL Cu/ZrO2 240 60 91 208 
GVL Ru/C 190 100 43 211 
a
Triphos: 1,1,1-tris-(diphenylphosphino-methyl)ethane 
 
1.2 Catalytic transformation of glycerol to useful chemicals. 
1.2.1 Production and application of glycerol 
Glycerol is the smallest polyol readily available from biomass. It functions as 
the backbone of triglycerides, which constitute approximately 10% of total biomass 
[212]. Biodiesel is produced from triglycerides by transesterification with short chain 
alcohols through alkali catalysis, and a huge amount of glycerol, close to 10 wt.% of the 
overall biodiesel production, is generated as the by-product in this process [1]. 
Consequently, glycerol constitutes ca. 1% of total biomass. More than 1500 direct 
applications of glycerol have already been known, especially in cosmetics, 
pharmaceuticals and food industries [213]. Glycerol is a popular starting material for 
further chemical derivatization, many useful intermediates or specialty chemicals can be 
produced by catalytic reactions such as oxidation, ammoxidation, dehydration, 
esterification, etherification, and hydrogenation [214-216]. 
In the process used for the cleavage of the fatty acids, the purity of the crude 
glycerol is high, ca. 80 wt.% of glycerol can be obtained from most of the conventional 
biodiesel processes, but it also contains water, methanol, traces of fatty acids as well as 
various inorganic and organic compounds [217]. Crude glycerol must be purified by a 
distillation step prior to further use in most of the cases, whereas the cost of the 
distillation is high. Furthermore, although glycerol has been produced at a large quantity 
with a rapid growth, the market of glycerol is small and the price of glycerol is low. As a 
consequence, the proportion of refined glycerol is actually steadily decreasing and the 
crude glycerol unrefined is generally burned, which must be considered as a tragic 
waste of a potentially very useful organic raw material [217]. Thus, new economical 
ways of using glycerol must be developed in order to substantially increase the demand 
and the price of crude glycerol, and also to ensure the sustainability of the biodiesel 
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sector. 
Glycerol is also produced as a by-product of ethanol production by 
fermentation of sugars. Although the extraction of glycerol from this residual stream is 
not economically feasible today, the ethanol value-chain is a potential additional source 
of glycerol [218]. 
 
1.2.2 Production of acrolein from glycerol 
Acrolein has direct application in medicine, water treatment, and petroleum 
industry as biocide [219]. However, most crude acrolein is used for the synthesis of 
acrylic acid, which is used, for example, as a starting material for synthesizing 
polyacrylates. The polymer of acrylic acid has super absorbent properties and is the 
main component of hygienic pads and diapers. Worldwide 85% of the acrylic acid is 
produced by captive oxidation of acrolein. Purified acrolein is also used for the 
synthesis of methionine, fragrances as well as dyes [220]. 
The synthesis of acrolein is currently based on the selective oxidation of 
propylene over BiMoOx-based catalysts, and the selectivity to acrolein is close to 85% 
at 95% conversion [221]. Dehydration of glycerol to acrolein (Scheme 1-23) is an 
alternative process that could replace the current gas-phase oxidation of propylene if an 
efficient catalyst is discovered [222]. 
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Scheme 1-23 Production of acrolein from glycerol 
 
 The dehydration of glycerol into acrolein was mainly investigated in vapor 
phase. Although high selectivities can be obtained in many reports, the catalysts 
deactivated fast in most cases. The development of solid catalysts for a stable acrolein 
formation from glycerol is still required. Acrolein can be synthesized from glycerol over 
various solid acid catalysts. In most cases, Brønsted acid catalysts were found to be 
effective for acrolein formation from glycerol, whereas the selectivity to acrolein was 
low over Lewis acid catalysts or base catalysts because acetol was competitively 
produced [223,224]. Alhanash studied the reaction mechanism of glycerol dehydration 
on Brønsted sites (Scheme 1-24): the reaction over Brønsted type acid catalysts starts 
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with the protonation of the secondary hydroxyl group of glycerol by a proton from a 
Brønsted site, and the resulting intermediate is transformed by release of a H3O
+
 
followed by a keto-enol rearrangement to give 3-hydroxypropionaldehyde and acrolein 
was finally generated after a further dehydration [223]. 
   
O
Glycerol
Acrolein
OH OH
OH
+H+
OH OH
OH2
+
OH OH
O OH
-H3O
-H2O
 
Scheme 1-24 Reaction mechanism over Brønsted sites proposed by Alhanash et al. 
 
1.2.2.1 Acrolein formation from glycerol over supported heteropolyacids in vapor 
phase 
 The dehydration of glycerol into acrolein over supported heteropolyacid 
catalysts is summarized in Table 1-15. Chai et al. studied the dehydration of glycerol 
into acrolein over SiO2- and ZrO2- supported heteropolyacids, H3PW12O40/ZrO2 showed 
a better catalytic performance than H3PW12O40/SiO2 [225,226]. A 76% selectivity to 
acrolein at 76% conversion was obtained over H3PW12O40/ZrO2, whereas significant 
deactivation was observed. Tsukuda et al. prepared silica-supported heteropolyacids for 
acrolein formation and investigated the effect of the pore size of silica [227]. An 85% 
yield of acrolein was achieved over 30% H4SiW12O40/SiO2 catalyst at 275 
o
C. The size 
of the mesopores in the silica support affected the catalytic activity: silica support with 
small pore size induces steep deactivation. Similar results were obtained by Atia et al., 
who investigated the catalytic performance of the silicotungstic acid supported on 
alumina with 5 nm and 12 nm pore sizes [228].  
Alhanash et al. performed glycerol dehydration over Cs2.5H0.5PW12O40 catalyst, 
although a high initial acrolein selectivity of 98% at 100% conversion was obtained, 
which deceased fast with the time on stream (40% after 6 h) due to the coke formation 
[223]. However, Cesium-doped silicotungstic acid supported on theta-delta alumina 
gave a maximum selectivity of ca. 90% at 100% glycerol conversion for 90 h time 
online [229]. Nb2O5-supported Cs2.5H0.5PW12O40 gave an acrolein selectivity of 80% at 
a conversion of 96% in the 10th h, catalytic deactivation was observed after 10 h [230]. 
Alumina with 5% ZrO2-supported H4SiW12O40 catalyst gave an 85% selectivity to 
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acrolein at a complete conversion for 10 h, catalytic deactivation did not occurred in the 
initial 10 h [231]. The catalyst, H3PW12O40 supported on Cs
+
 modified SBA-15, was 
prepared for glycerol dehydration by Liu et al. [232]. 50 wt.% H3PW12O40 loaded Cs
+
 
modified SBA-15 catalyst had a large fraction of medium acid sites (71%) and gave 
85% of acrolein yield at 300 
o
C with co-feeding of O2, acrolein yield retained above 
85% after 150 h of reaction.  
 
Table 1-15 Synthesis of acrolein from glycerol over supported hetropolyacids in vapor 
phase. 
Catalyst Temp. Time on 
stream 
Glycerol 
conv. 
Acrolein 
select. 
Acrolein 
yield 
Ref. 
 (
o
C) (h) (%) (%) (%)  
PW
a
/SiO2 315 10 18 57 10 225 
PW
a
/ZrO2 315 10 76 76 58 226 
SiW
b
/SiO2 275 5 98 86 85 227 
SiW
b
/Al2O3 275 5 100 75 75 228 
CsPW
c
 275 1 100 98 98 223 
Cs-SiW
b
/Al2O3 300 90 100 90 90 229 
CsPW
c
/Nb2O5 300 10 96 80 77 230 
Zr-SiW
b
/Al2O3 300 10 100 85 85 231 
Cs-SiW
b
/SBA-15 300 150 100 85 85 232 
a
PW, H3PW12O40; 
b
SiW, H4SiW12O40; 
c
CsPW=Cs2.5H0.5PW12O40 
 
1.2.2.2 Acrolein formation from glycerol over zeolites in vapor phase 
 The vapor-phase dehydration of glycerol into acrolein was investigated over 
various zeolites (Table 1-16). HZSM-5 was used as a catalyst for glycerol dehydration: 
the amount of acid sites and the acid strength decreased with increasing SiO2/Al2O3 
ratio, a 53.8% yield was obtained over HZSM-5 at a SiO2/Al2O3 ratio of 150, whereas 
significant catalytic deactivation occurred in the initial 5 h [223]. Similar results were 
also obtained over small-sized HZSM-5 [234]. Kim et al. studied glycerol dehydration 
over various H-zeolites, such as H-ferrierite, H-b, HZSM-5, H-Y and H-mordenite 
[235]. H-ferrierite gave the highest acrolein selectivity of 77.1% in the initial 2 h, which 
decreased to 62.9% with 44.6% decrease of conversion after 10 h of the reaction. Gu et 
al. investigated the influence of channel structure properties in the dehydration of 
glycerol to acrolein over various H-zeolite catalysts [236]. They found H-zeolites with 
smaller channels were preferential for the reaction, and a 74.9% selectivity to acrolein at 
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81.6% conversion was achieved at 7-8th h of the reaction over Nano HZSM-11 catalyst. 
 Carriço et al. studied vapor-phase dehydration of glycerol over MCM-22 
zeolite with different SiO2/Al2O3 molar ratios: MCM-22 with a SiO2/Al2O3 molar ratio 
of 30 presented higher amount of acid sites and surface area than those at SiO2/Al2O3 
molar ratios of 50 and 80, and gave a 74.9% selectivity to acrolein at 99.7% conversion 
at 0-2nd h, a 21.3% selectivity to acrolein at 20.2% conversion at 10-12th h [237]. 
La-modified b-zeolites were prepared for glycerol hydrogenation by Dalla Costa et al. 
b-Zeolite modified by La resulted higher proportion of medium-strength acid sites than 
that without La, and gave an initial selectivity to acrolein of 86.0% at ca. 95.0% 
conversion [238]. 
 
Table 1-16 Synthesis of acrolein from glycerol over zeolites in vapor phase. 
Catalyst Temp. Time on 
stream 
Glycerol 
conv. 
Acrolein 
select. 
Acrolein 
yield 
Ref. 
 (
o
C) (h) (%) (%) (%)  
HZSM-5 315 2 93.7 57.4 53.8 233 
HZSM-5 320 10 98.0 63.0 61.7 234 
H-ferrierite 315 2 70.9 77.1 54.6 235 
Nano HZSM-11 320 8 81.6 74.9 61.1 236 
MCM-22 320 2 99.7 50.0 49.9 237 
La/b-zeolite 275 1 95.0 86.0 81.7 238 
 
1.2.2.3 Acrolein formation from glycerol over metal oxides and phosphates in 
vapor phase 
 Chai et al. prepared Nb2O5 catalysts for glycerol dehydration by calcination of 
hydrous niobium oxide. The calcination temperature affected the acid property of Nb2O5 
catalysts. The amorphous catalyst prepared by the calcination at 400 
o
C showed the 
highest fraction of strong acid sites and gave the highest acrolein selectivity of 51% 
[239]. Suprun et al. studied glycerol dehydration over SAPO-11, SAPO-34, PO4-ions 
modified Al2O3 and TiO2. SAPO-34 showed the highest initial catalytic activity, but 
both the conversion of glycerol and the selectivity to acrolein significantly decreased 
from the beginning of the reaction [240]. Wang et al. reported the dehydration of 
glycerol over vanadium phosphate oxide (VPO) catalysts, and studied the effect of 
co-feeding of oxygen. [241] Hemihydrate VOHPO4?0.5H2O oxide gave a 66% 
selectivity to acrolein with a complete conversion at 300 
o
C, the catalyst can be 
maintained in an oxidized state and the carbon deposition was inhibited by the 
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co-feeding of oxygen. In a recent report, zirconium phosphate-supported VPO catalysts 
were studied in glycerol dehydration, a 66% yield of acrolein was achieved at 2nd h at 
300 
o
C with co-feeing of air [242]. 
Deleplanque et al. reported a 92% selectivity to acrolein with a complete 
conversion over FePO4 catalyst without oxygen co-feeding [243]. In this study, the 
co-feeding of oxygen decreased the selectivity to acrolein due to the formation of 
oxidation products, such as acetic acid or COx. ZrO2-supported WO3 catalysts were 
effective for acrolein formation from glycerol, ca. 71% yield of acrolein was obtained at 
280 
o
C at a WO3 loading of 19 wt.% [244]. TiO2-supported WO3 catalysts also gave a 
58% yield of acrolein at 280 
o
C with co-feeding of oxygen [245]. Chai et al. prepared 
ZrO2-supported WO3 modified by alkali and alkali earth metal ions, or transition metals. 
Pt or Pd was effective for improving the catalytic stability as a modifier in the 
O2-containing feed, higher than 62% yields were achieved longer than 30 h [246]. Rao 
et al. studied dehydration of glycerol to acrolein over NbOPO4 catalysts. The NbOPO4 
catalyst calcined at 550 
o
C showed the highest catalytic performance and gave an 86% 
yield at 5th h at 320 
o
C [247]. 
 
Table 1-17 Synthesis of acrolein from glycerol over metal oxides and phosphates in 
vapor phase. 
Catalyst Temp. Time on 
stream 
Glycerol 
conv. 
Acrolein 
select. 
Acrolein 
yield 
Ref. 
 (
o
C) (h) (%) (%) (%)  
Nb2O5 315 10 88 51 45 239 
SAPO
a
-34 280 1 59 72 42 240 
VPO
b
 300 10 100 66 66 241 
VPO
b
/ZrP 300 2 100 66 66 242 
FePO4 280 5 100 92 92 243 
WO3/ZrO2 280 6,7,8
c
 98 72 71 244 
WO3/TiO2 280 7
c
 79 74 58 245 
Pt-WO3/ZrO2 315 30 93 67 62 246 
NbOPO4 320 5 100 86 86 247 
a
 SAPO, silica-alumina phosphate; 
b
 VPO, vanadium oxophosphate. 
c
 Averaged data. 
 
1.2.2.4 Acrolein formation from glycerol in liquid phase 
 Liquid-phase dehydration of glycerol to acrolein is summarized in Table 18. 
Ramayya et al. studied the dehydration of glycerol in batch experiments using an 
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aqueous solution of sulfuric acid under the reaction conditions close to the critical point 
of water, an 86% selectivity to acrolein was achieved at a conversion of 55% [248]. 
Instead of a batch reactor, Buhler et al. performed the reaction using a flow-type reactor 
and used super-critical water as a solvent and a catalytic system. The maximum yield of 
acrolein was only 27% because various decomposition products, such as acetaldehyde, 
formaldehyde, were by-produced [249]. In a recent report, sub-critical water conditions 
and super-critical conditions were compared for glycerol dehydration in the presence of 
H2SO4, sub-critical water conditions were found to be effective for acrolein formation 
and ca. 85% yield of acrolein was achieved at 335 
o
C and 206 bar [250]. Ott et al. 
investigated the dehydration of glycerol in a batch reactor under super-critical 
conditions using zinc sulfate as a catalyst, a 75% selectivity to acrolein with a 
conversion of 50% was obtained at 360 
o
C and 250 bar [251].  
 Catalytic activities of silicotungstic, phosphotungstic, and phosphomolybdic 
acids in the liquid-phase dehydration of glycerol to acrolein were investigated in a 
semi-batch reactor by Shen et al. [252]. The catalytic activities of the heterpolyacids 
toward the formation of acrolein were in an order of silicotungstic acid > 
phosphotungstic acid > phosphomolybdic acid, a 78% yield of acrolein was obtained 
over silicotungstic acid at 300 
o
C and atmosphere pressure. Several molecular sieves 
catalysts were studied in liquid-phase dehydration of glycerol, the activity has almost 
the same order of the acidity: HY>Hb> modernite > SBA-15 > ZSM-23 [253]. A high 
acrolein selectivity of 99.5% with a conversion of 89% was obtained over HY zeolite at  
250 
o
C and 70 bar N2 pressure.  
 
Table 1-18 Synthesis of acrolein from glycerol in liquid phase. 
Catalyst Temp. Pressure Glycerol 
conv. 
Acrolein 
select. 
Acrolein 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
H2SO4 350 345 55 86 47 248 
No cat. 356 450 71 38 27 249 
H2SO4 335 206 95 89 85 250 
ZnSO4 360 250 50 75 38 251 
HSiW
a
 300 1 - - 78 252 
HY zeolite 250 70 (N2) 89 99.5 89 253 
a
 HSiW, silicotungstic acid. 
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1.2.3 Production of 1,2-propanediol from glycerol 
 
Glycerol 1,2-Propanediol
(1,2-PDO)
OH OH
OH
-H2O/+H2 OH
OH
 
Scheme 1-25 Production of 1,2-PDO from glycerol 
 
 1,2-Propanediol (1,2-PDO) is a valuable chemical used widely in the synthesis 
of pharmaceuticals, polymers, agricultural adjuvants, plastics and transportation fuel 
[254-256]. Depending on its purity, 1,2-PDO could be used as antifreeze agent, 
hydraulic fluid, and solvent, also for cosmetic and food applications [257]. 1,2-PDO is 
currently produced by hydration of propylene oxide produced from selective oxidation 
of propylene [258]. 1,2-PDO can be obtained by hydrogenolysis of glycerol. Because of 
the increasing cost of propylene, production of 1,2-PDO from glycerol has attracted 
much attention. 
 1,2-PDO can be produced from glycerol over various transition metals-based 
catalysts. The generally accepted reaction mechanism of glycerol hydrogenolysis into 
1,2-PDO is shown in Scheme 1-26. Under alkaline conditions, 1,2-PDO is formed via 
glyceraldehyde through an initial dehydrogenation, followed by dehydration and two 
reduction steps [257,259]. Under acid conditions, acetol is formed as an intermediate, 
which is reduced to 1,2-PDO [260,261]. 
 
Glycerol
OH OH
OH
OH
OH
Ac
id
Alkaline
-H2O
-H2
OH
O
OH O
OH
+H2
-H2O +H2
OH
OH
O
OH
Acetol
Glyceraldehyde
1,2-Propanediol
2-Hydroxyacrolein 1,2-Propanediol
 
Scheme 1-26 Reaction mechanism of glycerol hydrogenolysis into 1,2-PDO 
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 Glycerol hydrogenolysis into 1,2-PDO was extensively investigated both in 
liquid phase and vapor phase. Most of the investigations were performed under high H2 
pressure conditions, since which is effective for the hydrogenation processes. In 
vapor-phase reaction, although higher than 95% yields of 1,2-PDO were obtained from 
glycerol in many reports, a quantitative yield of 1,2-PDO was difficult to be achieved 
because ethylene glycol (EG), the decomposition product of glycerol, was produced as 
the main by-product in most cases. Thus, the methods for inhibiting EG formation can 
be considered a key point for achieving even high yields of 1,2-PDO from glycerol. 
 
1.2.3.1 Glycerol hydrogenolysis to 1,2-propanediol in liquid phase over precious 
metal catalysts 
 Table 1-19 shows glycerol hydrogenolysis to 1,2-propanediol in liquid phase 
over precious metal based catalysts. Miyazawa et al. studied glycerol hydrogenolysis 
over active carbon-supported Ru catalysts: the combination of Ru/C with Amberlyst 70, 
an ion-exchange resin, was effective for 1,2-PDO formation and gave a 70.2% 
selectivity to 1,2-PDO at 48.8% conversion at 170 
o
C and 80 bar H2 pressure, 
furthermore, the catalyst was stable over three cycles [262]. Feng et al. investigated 
glycerol hydrogenolysis over basic oxide-supported Ru catalysts, such as Ru/CeO2, 
Ru/La2O3 and Ru/MgO, Ru/CeO2 showed the best performance and gave a 62.7% 
selectivity to 1,2-PDO at 85.2% conversion at 180 
o
C and 50 bar H2 pressure [263].  
 
Table 1-19 Synthesis of 1,2-propanediol from glycerol in liquid phase over precious 
metal catalysts. 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,2-PDO 
select. 
1,2-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Ru/C 170 80 48.8 70.2 34.3 262 
Ru/CeO2 180 50 85.2 62.7 53.4 263 
Pt/hydrotalcite 220 30 92.4 93.5 86.4 264 
Pd/Fe2O3 180 5 42.8 90.2 38.6 265 
Rh/SiO2 120 80 19.6 34.6 6.8 266 
Ir/C 180 50 85.0 76.0 64.6 267 
Ag/Al2O3 220 15 46.0 96.0 44.2 268 
 
Yuan et al. investigated platinum catalysts on various supports, and alkaline 
supports showed the highest activity [264]. Hydrotalcite was superior to 
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MgO>Al2O3>Hb>HZSM-5, and Pt/hydrotalcite gave a 93% selectivity to 1,2-PDO at 
92.1% conversion at 220 
o
C and 30 bar H2 pressure. Supported Pd catalysts were also 
studied for hydrogenolysis of glycerol by Musolino et al. [265]. Fe2O3 and CoO show 
higher performance than ZnO and NiO as a support and the highest selectivity to 
1,2-PDO achieved was 90.2% over Pd/Fe2O3 in the presence of 2-propanal as a solvent. 
Rh/SiO2 exhibited higher activity and higher selectivity to glycerol hydrogenolysis 
products such as propanediols and propanols than Ru/C [266]. However, the maximum 
selectivity to 1,2-PDO was only 34.6% over Rh/SiO2 because the further hydrogenation 
of 1,2-PDO into 1-propanol. Ir/C with 0.6% Ir gave a 76% selectivity to 1,2-PDO at 
85.0% conversion at 180 
o
C and 50 bar H2 pressure [267]. Al2O3-supported Ag catalyst 
afforded a 96.0% selectivity to 1,2-PDO at 46% conversion at 220 
o
C and 15 bar H2 
pressure [268]. 
 
1.2.3.2 Glycerol hydrogenolysis to 1,2-propanediol in liquid phase over base metal 
catalysts 
 Glycerol hydrogenolysis to 1,2-propanediol in liquid phase over base metal 
based catalysts is summarized in Table 1-20. Supported Cu catalysts show high 
performance in glycerol hydrogenolysis to 1,2-propanediol, and many investigations 
were reported. Cu/ZnO gave a 98.0% selectivity to 1,2-PDO at 52.0% conversion at 
200 °C and 50 bar H2 pressure [269]. Hao et al. performed glycerol hydrogenolysis over 
H4SiW12O40-loaded Cu/Al2O3 catalysts, the addition of H4SiW12O40 promoted Cu 
reducibility and an 89.7% selectivity to 1,2-PDO at 90.1% conversion was achieved at 
240 
o
C and 60 bar H2 pressure [270]. Cu/SiO2 gave a high 1,2-PDO selectivity of 98.0%, 
but a low conversion of 22.1% at 180 
o
C and 90 bar H2 pressure, it deactivated fast and 
the conversion decreased to 6.1% over a catalyst reused twice [271]. Yuan et al. 
prepared Cu/MgO catalysts for glycerol hydrogenolysis. Cu/MgO prepared by 
co-precipitation method had better dispersion of copper particles and showed higher 
performance than that prepared by impregnation method, it gave a 97.6% selectivity to 
1,2-PDO at 72% conversion at 180 
o
C and 30 H2 pressure [272]. Yuan et al. also 
prepared Cu0.4/Mg5.6Al2O8.6 catalyst, synthesized by thermal treatment of hydrotalcite, 
for glycerol hydrogenolysis and a 98.0% selectivity to 1,2-PDO at 80.0% conversion 
was obtained at 180 °C and 30 bar H2 pressure [273]. Cu/ZrO2 gave a 90.0% selectivity 
to 1,2-PDO at 200 
o
C and 40 bar H2 pressure, whereas the conversion was only 10.0% 
[274]. 
Guo performed glycerol hydrogenolysis over a commercial CoAl alloy catalyst, 
a 70.1% selectivity to 1,2-PDO with a complete conversion was obtained at 200 
o
C and 
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40 bar H2 pressure [275]. A 57.8% selectivity to 1,2-PDO at 70.6% conversion was 
obtained over Co/ZnAlO, prepared by co-precipitation method and reduced at 600 
o
C, at 
200 
o
C and 20 bar H2 pressure [276].  
 
Table 1-20 Synthesis of 1,2-propanediol from glycerol in liquid phase over base metal 
catalysts. 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,2-PDO 
select. 
1,2-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Cu/ZnO 200 50 52.0 98.0 51.0 269 
Cu-HPA
a
/Al2O3 240 60 90.1 89.7 81.0 270 
Cu/SiO2 180 90 22.1 98.0 21.7 271 
Cu/MgO 180 30 72.0 97.6 70.3 272 
Cu/MgAlO 180 30 80.0 98.0 78.4 273 
Cu/ZrO2 200 40 10.0 90.0 9.0 274 
CoAl alloy 200 40 100.0 70.1 70.1 275 
Co/ZnAlO 200 20 70.6 57.8 40.8 276 
 
1.2.3.3 Glycerol hydrogenolysis to 1,2-propanediol in liquid phase over bimetallic 
catalysts 
 Bimetallic catalysts were prepared for glycerol hydrogenolysis to 1,2-PDO in 
many reports (Table 1-21). Zhou prepared Cu-Ag/Al2O3 catalysts by co-impregnation of 
Cu/Al2O3 with Ag [277]. Characterizations revealed that the addition of Ag not only 
resulted in an in situ reduction of CuO, but also improved the dispersion of the Cu 
species on the support. A 96.0% selectivity to 1,2-PDO with 27.0% conversion was 
achieved over Cu-Ag/Al2O3 at 200 
o
C and 15 bar H2 pressure. A bimetallic catalyst, 
Ru-Cu/bentonite, was prepared by depositing Ru and subsequently Cu on a bentonite. 
The bimetallic catalysts were efficient for promoting the hydrogenolysis of glycerol, 
and an 85.4% yield with a complete conversion was obtained at 230 
o
C and 8 MPa H2 
pressure [278]. CoNi nano-particles were used for microwave-assisted glycerol 
hydrogenolysis, a 50.4% selectivity to 1,2-PDO at 59.1% conversion was obtained at 
220 
o
C and 30 bar H2 pressure [279]. Li et al. studied glycerol hydrogenolysis to 
propanediols over supported Pd-Re catalysts: Pd-Re supported on acidic oxides showed 
a tendency of decreasing selectivities to 1,2-propanediol, while Pd-Re catalysts with 
basic oxides as supports could increase the conversion of glycerol, but maintain the 
selectivities to 1,2-propanediol [280]. Pd-Re/La2O3 showed the highest performance and 
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gave a 89.3% selectivity to 1,2-PDO with 52.9% conversion at 200 
o
C and 80 bar H2 
pressure. 
 
Table 1-21 Synthesis of 1,2-propanediol from glycerol in liquid phase over bimetallic 
catalysts. 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,2-PDO 
select. 
1,2-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Cu-Ag/Al2O3 200 15 27.0 96.0 26.0 277 
Ru-Cu/bentonite 230 80 100.0 85.4 85.4 278 
CoNi NPs 220 30 59.1 50.4 29.8 279 
Pd-Re/La2O3 200 80 52.9 89.3 47.2 280 
 
1.2.3.4 Glycerol hydrogenolysis to 1,2-propanediol using in situ generated 
hydrogen 
 Externally added hydrogen, normally derived from fossil fuels, is necessary for 
all previously mentioned processes to form 1,2-PDO. Glycerol hydrogenolysis to 
1,2-propanediol using in situ generated hydrogen was also investigated, renewable 
chemicals such as formic acid and alcohols were used as the hydrogen donor in this 
process (Table 1-22). 
 
Table 1-22 Synthesis of 1,2-propanediol from glycerol in liquid phase using in situ 
generated hydrogen 
Catalyst Temp. N2 
pressure 
Glycerol 
conv. 
1,2-PDO 
select. 
1,2-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Pd/Fe2O3 180 5 100.0 94.0 94.0 281 
Cu/Al2O3 220 1 70.0 38.0 26.6 282 
Pt/Al2O3+Ru/Al2O3 220 14 50.2 47.2 23.4 283 
Ni-Cu/Al2O3 220 45 33.5 85.9 28.8 285 
 
 Musolino et al. studied glycerol hydrogenolysis by transfer hydrogenation 
under 5 bar N2 pressure, using ethanol and 2-propanol as solvents and hydrogen donor 
molecules over Pd/Fe2O3 catalyst. A 94.0% selectivity with complete conversion was 
achieved in the presence of 2-propanol at 180 
o
C, and 100% yield of 1,2-PDO was 
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achieved at 200 
o
C when acetol was used as reactant [281]. Mane et al. investigated 
glycerol hydrogenolysis to 1,2-PDO over Cu/Al2O3 catalyst under atmospheric N2 
pressure using 2-propanol or water as solvents [282]. A 38.0% selectivity to 1,2-PDO at 
70.0% conversion was obtained at 220 
o
C in the presence of 2-propanol, and acetol was 
mainly produced at a selectivity of 55%. Roy et al. performed glycerol hydrogenolysis 
over an admixture of commercial Pt/Al2O3 and Ru/Al2O3 at a weight ratio of 1:1 [283]. 
The hydrogen generated in situ by aqueous phase reforming of glycerol was used for the 
conversion of glycerol to 1,2-PDO and a 47.2% selectivity to 1,2-PDO at 50.2% 
conversion was achieved at 220 
o
C and 14 bar N2 pressure. The use of methanol, 
2-propanol and formic acid in the glycerol hydrogenolysis process to obtain 1,2-PDO 
was investigated over Ni-Cu/Al2O3 catalyst, prepared by sol-gel method, under N2 
atmosphere [284]. The best 1,2-PDO selectivity of 85.9% was achieved at 220 
o
C and 
45 bar N2 pressure in the presence of formic acid as a hydrogen donor. 
 
1.2.3.5 Glycerol hydrogenolysis to 1,2-propanediol in vapor phase 
 Although glycerol hydrogenolysis in vapor phase can be applied for large scale 
production, the reports in vapor phase are much fewer than those in liquid phase. 
Vapor-phase glycerol hydrogenolysis to 1,2-PDO was mainly studied over Cu-based 
catalysts, which showed high catalytic performance for 1,2-PDO formation from 
glycerol. Ethylene glycrol (EG) was generated as a main by-product in most of the 
reports. 
 Table 1-23 summarizes the vapor-phase glycerol hydrogenolysis to 1,2-PDO. 
Suppes et al. firstly reported vapor-phase glycerol hydrogenolysis to 1,2-PDO using 
Cu-chromite catalyst [285]. Higher yields of 1,2-PDO were observed at higher 
hydrogen feed rates and lower glycerol concentrations in water. A 55.5% selectivity to 
1,2-PDO and a 44.5% selectivity to acetol at complete conversion were obtained at 200 
o
C, atmospheric H2 pressure and a glycerol aqueous concentration of 2.5 wt.%. In a 
further study of Suppes et al., 1,2-PDO selectivities higher than 90% were achieved at 
230 
o
C under H2 pressures at a range of 5-15 bar [286]. Since the dehydration of 
glycerol needs relatively high reaction temperatures and the hydrogenation of acetol 
favors low temperatures, Sato et al. developed an efficient process performed at 
atmospheric H2 pressure and gradient temperatures: the dehydration into acetol was 
catalyzed at ca. 200 
o
C, and the following hydrogenation into 1,2-PDO was catalyzed at 
ca. 130 
o
C [287,288]. Cu/Al2O3 showed the highest catalytic performance and gave a 
96.1% selectivity to 1,2-PDO at complete conversion. 
 Cu/SiO2, prepared by incipient wetness method, gave an 87.0% selectivity to 
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1.2-PDO with a complete conversion at 255 
o
C and 15 bar H2 pressure [289]. Ag 
supported on porous manganese oxide exhibited the stable glycerol hydrogenolysis 
activity and gave a 91.6 % selectivity to 1,2-PDO at a glycerol conversion of 69.3% 
under an H2 pressure of 50 bar at 200 
o
C [290]. Zhu et al. reported a 98.0% selectivity to 
1,2-PDO with a complete conversion over boron oxide-loaded Cu/SiO2 catalyst at 200 
o
C at an H2 pressure of 50 bar [291]. Addition of B2O3 to Cu/SiO2 could greatly restrain 
the growth of copper particles and promote the dispersion of copper species upon 
calcination, reduction and reaction, which resulted in the enhanced catalytic activity and 
stability. 
 
Table 1-23 Synthesis of 1,2-propanediol from glycerol in vapor phase 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,2-PDO 
select. 
1,2-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Cu-chromite 200 1 100.0 55.5 55.5 285 
Cu/Al2O3 200-130
a
 1 100.0 96.1 96.1 287 
Cu/SiO2 255 15 100.0 87.0 87.0 289 
Ag/OMS 200 50 69.3 91.6 63.5 290 
Cu-B2O3/SiO2 200 50 100.0 98.0 98.0 291 
a 
Gradient temperature from 200 
o
C to 130 
o
C.  
b
 OMS, manganese oxide octahedral molecular sieves. 
 
1.2.4 Dehydration of 1,2-propanediol to propanal 
 Propanal is an important chemical intermediate used extensively in the 
manufacture of rubbers, plastics, paints, and pesticides. Currently, propanal is produced 
by petroleum derived processes such as ethylene hydroformylation, propylene oxide 
isomerisation, and acrolein hydrogenation [292-294].  
 
1,2-Propanediol
(1,2-PDO)
-H2OOH
OH
O
Propanal
 
Scheme 1-27 Dehydration of 1,2-PDO to propanal. 
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 The ready availability of 1,2-PDO production from glycerol (Scheme 1-27), 
provides the opportunity for a two-step process to produce propanal from glycerol. It is 
expected that propanal can be formed from 1,2-propanediol over acidic catalysts. Sato et 
al. found that silicotungstic acid (H4SiW12O40) was an active catalyst for the formation 
of propanal from 1,2-PDO [295]. In particular, silica-supported silicotungstic acid 
showed the highest catalytic performance in propanal formation from 1,2-PDO, whereas 
the produced propanal reacted with another 1,2-propanediol to produce cyclic acetal 
(2-ethyl-4-methyl-1,3-dioxolane). Such acetal formation reduced the selectivity to 
propanal. Although the propanal selectivity higher than 93 mol% was attained at 
complete 1,2-PDO conversion at 200 
o
C under optimum reaction conditions, the 
catalytic conversion was gradually deactivated with time on stream. In a similar way, 
higher than 90 mol% of selectivities to propanal with complete conversion was also 
obtained over zeolite catalysts, such as ZSM-23, at 300 
o
C, whereas all of the catalysts 
deactivated in an initial stage of the reaction [296]. 
 There are only a little reports of 1,2-PDO dehydration to propanal, and both the 
silica-supported silicotungstic acid and zeolites, mentioned above, could not be applied 
for an industrial process because the stability of catalyst is highly required in industrial 
processes. Thus, the investigation of inhibiting catalyst deactivation or developing 
stable catalysts for propanal formation from 1,2-PDO is still required. 
 
1.2.5 Production of 1,3-propanediol from glycerol 
1,3-Propanediol (1,3-PDO) is commercially the most valuable product in the 
hydrogenolysis of glycerol. It is used in resins, engine coolants, dry-set mortars, water 
based inks, but most of it is used in the production of polypropylene terephthalate, 
which is a polyester synthesized from 1,3-PDO and terephthalic acid [212]. 1,3-PDO is 
currently synthesized from ethylene oxide or by fermentation of carbohydrates [297]. 
Hydrogenolysis of glycerol to 1,3-PDO is an alternative process that could replace the 
current processes if efficient catalysts are discovered. Although many attempts have 
been made to produce 1,3-PDO by hydrogenolysis of glycerol, the selectivity was much 
lower than that of 1,2-PDO.  
 The generally accepted reaction route of glycerol hydrogenolysis into 1,3-PDO 
is shown in scheme 1-28. 3-Hydroxypropanal is first formed by dehydration of glycerol, 
then it hydrogenates into 1,3-PDO [298]. Acid sites are necessary in the first step of 
glycerol dehydration, whereas the intermediate of 3-hydroxypropanal is easy to form 
acrolein in acid conditions. Thus, successfully selective transformation of glycerol to 
1,3-PDO requires a catalyst system with the ability to not only promote the coupled 
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dehydration-hydrogenation reactions but also minimize the side reactions. As a 
consequence, most of the investigations were performed in liquid phase and 
comparatively high yields of 1,3-PDO were obtained at low reaction temperatures and 
high H2 pressures. 
 
Glycerol
1,3-Propanediol
(1,3-PDO)
OH OH
OH
-H2O
OH O OH OH
+H2
3-Hydroxypropanal
 
Scheme 1-28 Reaction route of 1,3-PDO formation from glycerol 
 
1.2.5.1 Bath reaction of glycerol hydrogenolysis to 1,3-propanediol 
 Table 1-24 summarizes glycerol hydrogenolysis to 1,3-propanediol in bath 
reactor. Pt/WO3/TiO2/SiO2 catalyst was prepared for glycerol hydrogenolysis to 
1,3-propanediol [299] Characterizations showed that the existence of TiO2 species 
improved the dispersion of Pt metal and WO3 species regulated the acidity of the 
Pt/WO3/TiO2/SiO2 catalyst by producing Brønsted acid sites, which played a key role 
during 1,3-PD formation. A 50.5% selectivity to 1,3-PDO with a low conversion of 
15.3% was obtained at 180 
o
C and 55 bar H2 pressure. Tomishige et al. reported a 
38.0% yield of 1.2-PDO at 81.0% conversion over Ir-ReOx/SiO2 catalyst at 120 
o
C and 
80 bar H2 pressure [300]. They proposed that 1,3-PDO was formed from glycerol via 
2,3-dihydroxypropoxide species [301]. Pt-deposited sulfated ZrO2 was prepared for 
1,3-PDO formation from glycerol in the presence of 1,3-dimethyl-2-imidazolidinone as 
a solvent, and a 55.6% yield of 1,3-PDO was achieved at 170 
o
C and 73 bar H2 pressure 
[302]. Mesoporous Ti-W oxide-supported Pt catalyst gave a 40.3% selectivity to 
1,3-PDO with a conversion of 18.4% at 180 
o
C and 55 bar H2 pressure in a recent report 
[303].  
1,3-PDO was also reactive over most of the catalysts mentioned above, further 
hydrogenolysis of 1,3-PDO to 1-propanol and 2-propanol proceeded, that decreased 
1,3-PDO selectivity. Arundhathi et al. reported the highest 1,3-PDO yield of 69.0% over 
boehmite-supported Pt/WOx catalyst at 180 
o
C and 50 bar H2 pressure [304]. 1,3-PDO 
showed a low reactivity over Pt/WOx/AlOOH catalyst, that could be considered the key 
point for achieving high 1,3-PDO yields. Pt/WOx/AlOOH catalyst was also stable, a 
68% selectivity to 1,3-PDO with a 94% conversion could be achieved over a 10th 
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recycled catalyst. 
 
Table 1-24 Bath reaction of glycerol hydrogenolysis to 1,3-propanediol 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,3-PDO 
select. 
1,3-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Pt/WO3/TiO2/SiO2 180 55 15.3 50.5 7.8 299 
Ir-ReOx/SiO2 120 80 81.0 47.0 38.0 300 
Pt/sulfated ZrO2 170 73 66.5 83.6 55.6 302 
Pt/TiWO 180 55 18.4 40.3 7.4 303 
Pt/WOx/AlOOH 180 80 100.0 69.0 69.0 304 
 
1.2.5.2 Continuous hydrogenolysis of glycerol to 1,3-propanediol 
Continuous hydrogenolysis of glycerol to 1,3-propanediol is summarized in 
Table 1-25. Huang et al. performed glycerol hydrogenolysis over Cu-H4SiW12O40/SiO2 
catalyst [305]. High H2 pressure and low WHSV conditions were found to be effective 
for 1,3-PDO formation, a 32.1% selectivity to 1,3-PDO at 83.4% conversion was 
obtained at 210 
o
C, 54 bar H2 pressure and a WHSV of 0.1 h
-1
. Qin et al. studied 
glycerol hydrogenolysis over Pt/WO3/ZrO2 catalyst [306]. They studied the effect of the 
reaction temperature, H2 pressure, glycerol concentration: high H2 pressure and low 
glycerol concentration increased both 1,3-PDO selectivity and glycerol conversion; high 
reaction temperature increased glycerol conversion, whereas decreased 1,3-PDO 
selectivity. A 45.6% selectivity to 1,3-PDO at 70.2% conversion was achieved at 130 
o
C, 
40 bar H2 pressure, and a glycerol concentration of 40% in water. Zhu et al. investigated 
glycerol hydrogenolysis over Pt/ZrO2 modified by heteropolyacids, such as H4SiW12O40, 
H3PW12O40 and H3PMo12O40 [307]. H4SiW12O40 modified Pt/ZrO2 catalyst showed the 
highest catalytic performance due to the high Brønsted acid sites and good thermal 
stability, and gave a 48.1% selectivity to 1,3-PDO with a 24.1% conversion at 180 
o
C 
and 50 bar H2 pressure. In a further study of Zhu et al., Pt-H4SiW12O40/ZrO2 was 
modified by alkaline metals, such as Li, K, Rb and Cs [307]. The addition of Li even 
enhanced Brønsted acid sites and exhibited 1,3-PDO formation, a maximum 1,3-PDO 
selectivity to 53.6% with a 43.5% conversion was achieved at 180 
o
C and 50 bar H2 
pressure. 
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Table 1-25 Continuous hydrogenolysis of glycerol to 1,3-propanediol 
Catalyst Temp. H2 
pressure 
Glycerol 
conv. 
1,3-PDO 
select. 
1,3-PDO 
yield 
Ref. 
 (
o
C) (bar) (%) (%) (%)  
Cu-H4SiW12O40/SiO2 210 54 83.4 32.1 26.8 305 
Pt/WO3/ZrO2 130 40 70.2 45.6 32.0 306 
Pt-H4SiW12O40/ZrO2 180 50 24.1 48.1 11.6 307 
Pt-Li-H4SiW12O40/ZrO2 180 50 43.5 53.6 23.3 308 
 
1.3 Production of 1,3-butadiene from biomass 
 1,3-Butadiene is a high-volume, high-value chemical that is mainly used to 
produce synthetic rubber, such as polybutadiene, acrylonitrile butadiene styrene rubber, 
acrylonitrile butadiene rubber and styrene butadiene rubber. It could also potentially be 
used for the synthesis of chemicals such as 4-vinylcyclohexene, a feed stock of styrene, 
through Diels-Alder reaction. Currently, butadiene is predominantly obtained as a 
by-product of ethylene production by steam cracking [36]. The separation process of 
1,3-butadiene from the other products of steam cracking is complicated and expensive. 
Recently, the production of shale gas has attracted much attention. In the United 
States, it has dramatically increased, accounting for 20% of the total gas supplies in 
2009 compared to only 1% in 2000. Its production is expected to further increase in the 
near future, which would cause the decrease of the natural gas market prices [309]. This 
will certainly decrease the ethylene production from fossil resources, which leads to a 
shortage of 1,3-butadiene. Thus, alternative methods of 1,3-butadiene production from 
renewable resources are highly desirable.  
The production of 1,3-butadiene from biomass resources, such as bioethanol and 
2,3-butanediol, has been intensively investigated, especially during the last 5 years. The 
development of a cheap and sustainable process for 1,3-butadiene production from 
biomass-based resources would result in a reduced reliance on fossil resources. In 
addition, the production of bio-polymer and the synthesis of useful chemicals from 
bio-1,3-butadiene can be expected in future. 
 
1.3.1 Production of 1,3-butadiene from bioethanol 
Bioethanol was mainly produced by the fermentation of starch from corn or 
sugar cane [4]. More than 90% of ethanol on the market is derived from biomass. 
Several mechanisms of 1,3-butadiene formation from ethanol was proposed, the 
generally accepted mechanism is based on the aldol condensation between two 
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acetaldehyde molecules formed upon ethanol dehydrogenation (Scheme 1-29), that was 
proposed by Toussaint et al [311].  
 
Ethanol 3-Hydroxybutanal
OH2 O
O
OH-2H
2
Acetaldehyde
2
O
+H2
-H2O
OH
-H2O
CrotonaldehydeCrotyl aldehyde1,3-Butadiene
 
Scheme 1-29 Reaction mechanism of 1,3-butadiene formation from ethanol  
proposed by Toussaint et al. 
 
 Table 1-26 summarizes the catalytic synthesis of 1,3-butadiene from ethanol. 
Corson et al. performed 1,3-butadiene formation from ethanol over various catalytic 
systems, MgO/SiO2/Cr2O3 (59:39:2 wt.%) showed the best catalytic performance and 
gave a 39.0% yield to 1,3-butadiene at 425 
o
C [312]. Bhattacharyya et al. investigated 
catalytic conversion of ethanol to 1,3-butadiene over single oxide catalyst systems, such 
as Al2O3, Fe2O3, ZrO2, and ThO2, binary catalyst systems, Al2O3-ZnO, Al2O3-Cr2O3, 
Al2O3-MgO, and Al2O3-CaO, ternary catalyst systems, Al2O3-Fe2O3-Cr2O3. They found 
that the optimum temperature for the process was situated in the range 425-500 
o
C for 
all of the catalysts tested. Al2O3/ZnO (60:40 wt.%) gave the highest 1,3-butadiene yield 
of 72.8% at 425 
o
C [313]. Ohnishi et al. reported that the catalytic activity in the process 
strongly depended on the preparation method of the magnesia-silica catalyst [314]. In 
particular, they showed that a catalyst prepared by kneading magnesium hydroxide and 
silica gel was better than a co-precipitated catalyst. Furthermore, MgO/SiO2 promoted 
by alkaline metals showed high performance for 1,3-butadiene formation, a 87.0% yield 
of 1,3-butadiene was achieved over Na2O/MgO/SiO2 (0.1 wt.%-1:1 mol%) at 350 
o
C. 
Kitayama et al. performed catalytic 1,3-butadiene formation from ethanol over 
NiO/MgO/SiO2 (10:31:69 wt.%) catalyst, a 53.0% yield of 1,3-butadiene was achieved 
at 280 
o
C [315].  
 In recent studies, Jones et al. reported a 30.1% yield of 1,3-butadiene at a 
selectivity of 67% over Cu-Zr-Zn/SiO2 (1:1:1:97 wt.%) catalyst at 375 
o
C [316]. 
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Synthesis of 1,3-butadiene from ethanol using MgO/SiO2 catalysts doped with transition 
metals or metal oxides, such as ZnO, CuO, and Ag, was studied by Makshina et al., 
CuO-MgO/SiO2 (0.05:2:1 mol%) gave the highest 1,3-butadiene yield of 58.2% at a 
selectivity of 60% at 350 
o
C [317]. A series of ordered mesoporous silica supported 
Ta2O5 samples were tested as catalysts for the production of 1,3-butadiene from ethanol 
and acetaldehyde by Chae et al. [318]. The catalytic results showed that the pore size 
and crystal size of mesoporous silica samples are more important than mesopore 
structure such as pore dimension and pore shape, Ta2O5/SBA-15 with an average pore 
size of 10.8 nm gave a 37.4% yield of 1,3-butadiene at a selectivity of 79.8% at 350 
o
C. 
 
Table 1-26 Production of 1,3-butadiene from ethanol 
Catalyst Temp. 1,3-Butadiene yield Ref. 
 (
o
C) (%)  
MgO/SiO2/Cr2O3 (59:39:2 wt.%) 425 39.0 312 
Al2O3/ZnO (60:40 wt.%) 425 72.8 313 
Na2O-MgO/SiO2 (0.1wt.%-1:1 mol%) 350 87.0 314 
NiO/MgO/SiO2 (10:31:69 wt.%) 280 53.0 315 
Cu-Zr-Zn/SiO2 (1:1:1:97 wt.%) 375 30.1 316 
CuO-MgO/SiO2 (0.05:2:1 mol%) 350 58.2 317 
Ta2O5/SBA-15 350 37.4 318 
 
1.3.2 Production of 1,3-butadiene from 2,3-butanediol 
 2,3-Butanediol, a typical bio-based diol, can be derived from the 
bio-conversion of various resources, such as glucose, sucrose, and mixture of glucose 
and xylose [319-323]. It is an important platform for expanding a network of bio-based 
chemicals through catalytic transformation. In particular, 2,3-butanediol can be a 
sustainable resource of C4 chemicals such as 1,3-butadiene. 
 Winfield et al. firstly reported the catalytic conversion of 2,3-butanediol to 
produce 1,3-butadiene over ThO2 catalyst during World War 2 [325]. The maximum 
selectivity to 1,3-butadiene achieved was ca. 60% at 280 
o
C, whereas ThO2 is a 
radio-active material and is not suitable as a catalyst. The report mentioned above is the 
only report of 1,3-butadiene formation from 2,3-butanediol to my knowledge. Although 
many attempts were made for producing 1,3-butadiene from 2,3-butanediol, 2-butanone 
was mainly produced in most cases [326]. In our recent report, 3-buten-2-ol, which can 
be dehydrated to 1,3-butadiene, was produced with a maximum selectivity of 59.0% 
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over ZrO2 catalyst at 300 
o
C [327]. Although excellent catalysts for 1,3-butadiene 
formation from 2,3-butanediol have not been developed, a direct or a two-step synthesis 
of 1,3-butadiene from 2,3-butanediol can be expected in future. 
 
1.4 Purpose of this thesis 
In this thesis, I focused on the conversion of bio-based glycerol and 
1,3-butadiene to useful chemicals. There are 3 purposes in this study: 
The first object of this dissertation is to investigate the vapor-phase 
hydrogenolysis of glycerol to 1,2-propanediol over Ag modified Cu/Al2O3 catalyst at 
gradient temperatures. In the vapor-phase processes, although higher than 95% yields of 
1,2-propanediol were achieved in our previous study, ethylene glycol was generated as 
the major by-product, which reduced the 1,2-propanediol selectivity [287]. Therefore, 
the inhibition of ethylene glycol formation is regarded as the key for achieving a 
complete yield of 1,2-propanediol from glycerol. Considering the low hydrogenolysis 
ability of Ag, it is expected that the modification of Cu/Al2O3 catalyst with Ag can 
inhibit the generation of ethylene glycol and increase 1,2-propanediol yield. 
The second one is to investigate the stable vapor-phase dehydration of 
1,2-propanediol to propanal over metal-modified solid acid catalysts. Although higher 
than 90% yields of propanal from 1,2-propanediol were achieved in several reports, the 
catalysts deactivated significantly [295,296]. Deterioration of acidic catalysts is a 
serious problem in the practical usage. In the previous study, the modification of acid 
catalysts with metals was found to be effective for stabilizing the catalytic activity 
[328,329]. Thus, it is expected that the dehydration of 1,2-propanediol to propanal can 
also be stabilized by the modification of acid catalysts with metals. 
 The last one is to study the solvent-free synthesis of useful chemicals from 
1,3-butadiene with dienophiles and dimerization of 1,3-butadiene through Diels-Alder 
reaction. Catalysts and organic solvents are generally used in Diels-Alder reaction, and 
they may accelerate the reaction, but causes the problem of separating the reaction 
products from catalysts and solvents. Green sustainable chemistry encourages the 
design of products and processes that minimize the use and the generation of hazardous 
substances, whereas solvent-free Diels-Alder reactions are reported not so many. It is 
expected that the Dield-Alder reaction of 1,3-butadiene with dienophiles and the 
dimerization of 1,3-butadiene can proceed well only by controlling the reaction 
temperature and the pressure under solvent-free conditions, and the effect of solvent and 
the optimum reaction conditions must to be investigated. 
 
51 
 
Reference 
 
[1] A. J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney, C. A. 
Eckert, W. J. Frederick Jr., J. P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz, R. 
Murphy, R. Templer, T. Tschaplinski, Scince 311 (2006) 484-489. 
[2] H. Roper, Starch-Starke 54 (2002) 89-99. 
[3] C. A. G. Quispe, C. J. R. Coronado, J. A. Carvalho Jr. Renew. Sust. Energ. Rev. 27 
(2013) 475-493. 
[4] M. Parikka, Biomass Bioenergy 27 (2004) 613-620. 
[5] A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411-2502. 
[6] N. Narayanan, P. K. Roychoudhury, A. Srivastava, Electron. J. Biotechnol. 7 (2004) 
79-91. 
[7] M. A. Abdel-Rahman, Y. Tashiro, K. Sonomoto, Biotechnol. Adv. 31 (2013) 
877-902. 
[8] X. Chen, K. Tian, D. Niu, W. Shen, G. Algasan, S. Singhd, Z. Wang, Green Chem. 
16 (2014) 342-350. 
[9] R. K. P. Purushothaman, J. van Haveren, D. S. van Es, I. Melián-Cabrera, J. D. 
Meeldijk, H. J. Heeres, Appl. Catal. B: Environ. 147 (2014) 92-100. 
[10] M. Nampoothiri, R. Nair, P. John, Bioresour. Technol. 101 (2010) 8493-8501. 
[11] M. Singhvi, D. Gokhale, RSC Advances 3 (2013) 13558-13568. 
[12] A. J. Nijenhuis, D. W. Grijpma, A. J. Pennings, Macromolecules 25 (1992) 
6419-6424. 
[13] H. Adkins, H. R Billica, J. Am. Chem. Soc. 70 (1948) 3118-3120. 
[14] H. Adkins, H. R Billica, J. Am. Chem. Soc. 70 (1948) 3121-3125. 
[15] H. S. Broadbent, G. C. Campbell, W. J. Bartley, J. H. J. Johnson, Org. Chem. 24 
(1959) 1847-1854. 
[16] Z. Zhang, J. E. Jackson, D. J. Miller, Appl. Catal. A: Gen. 219 (2001) 89-98. 
[17] R. D. Cortright, M. Sanchez-Castillo, J. A. Dumesic, Appl. Catal. B: Environ. 39 
(2002) 353-359. 
[18] P. Kasinathan, J. Yoon, D. W. Hwang, U. Lee, J. Hwang, Y. K. Hwang, J. Chang, 
Appl. Catal. A: Gen. 451 (2013) 236-242. 
[19] P. Sun, Z. Tang, H. Li, H. Huang, Ind. Eng. Chem. Res. 48 (2010) 9082-9087. 
[20] R. E. Holmen, US Patent 2859240, 1958. 
[21] J. Zhang, J, Y, Zhao, M. Pan, X. Feng, W. Ji, C.-T. Au, ACS Catal. 1 (2011) 32-41. 
[22] V. C. Ghantani, S. T. Lomate, M. K. Dongare, S. B. Umbarkar, Green Chem. 15 
(2013) 1211-1217. 
52 
 
[23] J.-H. Hong, J.-M. Lee, H.-R. Kim, Y.-K. Hwang, J.-S. Chang, S. B. Halligudi, Y.-H. 
Han, Appl. Catal. A: Gen. 396 (2011) 194-200. 
[24] B. Katryniok, S. Paul, F. Dumeignil, Green Chem. 12 (2010) 1910-1913. 
[25] C. Delhomme, D. Weuster-Botz, F. E. Kuhn, Green Chem. 11 (2009) 13-26. 
[26] T. Masuda, M. Kunioka, M. Funabashi, Y. Tachibana, Int. Patent WO/2011059013, 
2011. 
[27] P. Gallezot, Chem. Soc. Rev. 41 (2012) 1538-1558. 
[28] U. Herrmann, G. Emig, Ind. Eng. Chem. Res. 36 (1997) 2885-2896. 
[29] W. De Thomas, P. D. Taylor, F. Tomfohrde, US Patent 5149836, 1992. 
[30] M. Roesch, R. Pinkos, M. Hesse, S. Schlitter, H. Junicke, O. Schubert, A. Weck, G. 
Windecker, Int. Patent WO/2005058853, 2004. 
[31] G. Budroni, A. Corma, J. Catal. 257 (2008) 403-408. 
[32] U. G. Hong, H. W. Park, J. Lee, S. Hwang, I. K. Song, J. Ing. Eng. Chem. 18 (2012) 
462-468. 
[33] U. G. Hong, S. Hwang, J. G. Seo, J. Yi, I. K. Song, Catal. Lett. 138 (2010) 28-33. 
[34] B. Tapin, F. Epron, C. Especel, B. K. Ly, C. Pinel, M. Besson, ACS Catal. 3 (2013) 
2327-2335. 
[35] P. Kasinathan, D. W. Hwang, U. Lee, Y. K. Hwang, J. Chang, Catal. Comm. 41 
(2013) 17-20. 
[36] K. Weissermel, H. J. Arpe, Industrial Organic Chemistry; Wiley-VCH: Weinheim, 
2003. 
[37] J. R. Budge, T. GAttig, A. M. Graham, US Patent 5196602, 1991. 
[38] B. W. Griffiths, J. B. Michel, US Patent 4659686, 1986. 
[39] S. Suzuki, H. Inagaki, H. Ueno, EP Patent 373947, 1989. 
[40] U. G. Hong, H. W. Park, J. Lee, S. Hwang, J. Yi, I. K. Song, Appl. Catal. A: Gen. 
415-416 (2012) 141-148. 
[41] U. G. Hong, J. K. Kim, J. Lee, J. K. Lee, J. H. Song, J. Yi, I. K. Song, Appl. Catal. 
A: Gen. 469 (2014) 466-471. 
[42] R. Luque, J. H. Clark, Catal. Commun. 11 (2010) 928-931. 
[43] G. Ding, Y. Zhu, H. Zheng, W. Zhang, Y. Li, Catal. Commun. 11 (2010) 1120-1124. 
[44] J. R. Budge, T. G. Attig, R. A. Dubbert, US Patent 5969164, 1998. 
[45] D. P. Minh, M. Besson, C. Pinel, P. Fuertes, C. Petitjean, Top. Catal. 53 (2010) 
1270-1273. 
[46] B. K. Ly, D. P. Minh, C. Pinel, M. Besson, B. Tapin, F. Epron, C. Especel, Top. 
Catal. 55 (2011) 466-473. 
[47] R. Luque, J. H. Clark, K. Yoshida, P. L. Gai, Chem. Commun. (2009) 5305-5307. 
53 
 
[48] U. G. Hong, H. W. Park, J. Lee, S. Hwang, J. Kwak, J. Yi, I. K. Song, J. Nanosci. 
Nanotechno. 13 (2013) 7448-7453. 
[49] R. M. Deshpande, V. V. Buwa, C. V. Rode, R. V. Chaudhari, P. L. Mills, Catal. 
Comm. 3 (2002) 269-274. 
[50] J. N. Cawse, N. E. Johnson, M. T. Whitaker, US Patent 4652685, 1987. 
[51] W. De Thomas, P. D. Taylor, US Patent 4797382, 1987. 
[52] A. Bertola, Int Patent WO/9935114, 1999. 
[53] B. F. M. Kuster, L. M. Tebbens, Carbohydr. Res. 54 (1977) 159-166. 
[54] M. J. Antal, W. S. L. Mok, Carbohydr. Res., 199 (1990) 91-109. 
[55] C. Moreau, R. Durand, S. Razigade, J. Duhamet, P. Faugeras, P. Rivalier, P. Ros, G. 
Avignon, Appl. Catal. A: Gen. 145 (1996) 211-224. 
[56] Y. Nakamura and S. Morikawa, Bull. Chem. Soc. Jpn., 53 (1980) 3705-3706. 
[57] R. M. Musau, R. M. Munavu, Biomass 13 (1987) 67-74. 
[58] X. Qi, M. Watanabe, T. M. Aida, R. L. Smith, Catal. Commun. 10 (2009) 
1771-1775. 
[59] J. N. Chheda, Y. Roman-Leshkov, J. A. Dumesic, Green Chem. 9 (2007) 342-350. 
[60] Y. Wang, X. Tong, Y. Yan, S. Xue, Y. Zhang, Catal. Commun. 50 (2014) 38-43. 
[61] J. B. Binder, R. T. Raines, J. Am. Chem. Soc. 131 (2009) 1979-1985. 
[62] S. Hu, Z. Zhang, J. Song, Y. Zhou and B. Han, Green Chem. 11 (2009) 11 
1746-1749. 
[63] J. Lecomte, A. Finiels, C. Moreau, Ind. Crops Prod. 9 (1999) 235-241. 
[64] C. Moreau, M. N. Belgacem, A. Gandini, Top. Catal. 27 (2004) 11-30. 
[65] P. Verdeguer, N. Merat, A. Gasset, J. Mol. Catal. 85 (1993) 327-344. 
[66] P. Vinke, H. H. van Dam, H. van Bekkum, Stud. Surf. Sci. Catal. 55 (1990) 
147-157. 
[67] P. Vinke, W. van der Poel, H. van Bekkum, Stud. Surf. Sci. Catal. 59 (1991) 
385-394. 
[68] S. E. Davis, B. N. Zope, R. J. Davis, Green Chem. 14 (2012) 143-147. 
[69] R. Sahu, P. L. Dhepe, Reac. Kinet. Mech. Cat. 112 (2014) 173-187. 
[70] P. Mäki-Arvela, B. Holmbom, T. Salmi, D. Y. Murzin, Catal. Rev. 49 (2007) 
197-340. 
[71] O. Casanova, S. Iborra, A. Corma, ChemSusChem 2 (2009) 1138-1144. 
[72] M. L. Ribeiro, U. Schuchardt, Catal. Commun. 4 (2003) 83-86. 
[73] A. Gandini, M. N. Belgacem, Prog. Polym. Sci. 22 (1997) 1203-1379. 
[74] C. C. Dykstra, D. Boykin, R. R. Tidwell, Int. Patent WO/9838170, 1998. 
[75] H. C. Anderson, US Patent 4320043, 1982. 
54 
 
[76] C. Moreau, R. Durand, C. Pourcheron, D. Tichit, Stud. Surf. Sci. Catal. 108 (1997) 
399-406.  
[77] C. Carlini, P. Patrono, A. M. Raspolli-Galleti, G. Sbrana, V. Zima, Appl. Catal. A: 
Gen. 289 (2005) 197-204. 
[78] O. C. Navarro, A. Corma, S. Iborra, Top. Catal. 52 (2009) 304-314. 
[79] J. Ma, Z. Du, J. Xu, Q. Chu, Y. Pang, ChemSusChem 4 (2011) 51-54. 
[80] T. S. Hansen, I. Sádaba, E. J. García-Suárez, A. Riisager, Appl. Catal. A: Gen. 456 
(2013) 44-50. 
[81] J. Nie, J. Xie, H. Liu, J. Catal. 301 (2013) 83-91. 
[82] C. A. Antonyraj, J. Jeong, B. Kim, S. Shin, S. Kim, K, Lee, J. K. Cho, J. Ind. Eng. 
Chem. 19 (2013) 1056-1059. 
[83] Y. Wang, B. Liu, K. Huang, Z. Zhang, Ind. Eng. Chem. Res. 53 (2014) 1313-1319. 
[84] G. D. Yadav, R. V. Sharma, Appl. Catal. B: Environ. 147 (2014) 293-301. 
[85] V. V. Grushin, N. Herron, G. A. Halliday, Int. patent WO/2003024947, 2003. 
[86] C. Carlini, P. Patrono, A. M. Raspolli Galleti, G. Sbrana, V. Zima, Appl. Catal. A: 
Gen. 289 (2005) 197-204. 
[87] Z. Yang, J. Deng, T. Pan, Q. Guo, Y. Fu, Green Chem. 14 (2012) 2986-2989. 
[88] J. N. Chheda, G. W. Huber, J. A. Dumesic, Angew. Chem. Int. Ed. 46 (2007) 
7164-7183. 
[89] S. P. Verevkin, V. N. Emel’yanenko, E. N. Stepurko, R.V . Ralys, D.H. Zaitsau, Ind. 
Eng. Chem. Res. 48 (2009) 10087-10093. 
[90] A. Faury, A. Gaset, J. P. Gorrichon, Inf. Chim. 214 (1981) 203-209. 
[91] V. Schiavo, G. Descotes, J. Mentech, Bull. Soc. Chim. Fr. 128 (1991) 704-711. 
[92] Y. Nakagawa, K. Tomishige, Catal. Commun. 12 (2010) 154-156. 
[93] T. J. Connolly, J. L. Considine, Z. Ding, B. Forsatz, M. N. Jennings, M. F. 
MacEwan, K. M. McCoy, D. W. Place, A. Sharma, K. Sutherland, Org. Process 
Res. Dev. 14 (2010) 459-465. 
[94] R. Alamillo, M. Tucker, M. Chia, Y. Pagan-Torres, J. A. Dumesic, Green Chem. 14 
(2012) 1413-1419. 
[95] T. Buntara, S. Noël, P. H. Phua, I. Melian-Cabrera, J. G. de Vries, H. J. Heeres, 
Angew. Chem., Int. Ed. 50 (2011) 7083-7087. 
[96] Y. Roman-Leshkov, C. J. Barrett, Z. Y. Liu, J. A. Dumesic, Nature 447 (2007) 
982-985. 
[97] T. Thananatthanachon, T. B Rauchfuss, Angew. Chem. Int. Ed. 49 (2010) 
6616-6618. 
[98] S. Nishimura, N. Ikeda, K. Ebitani, Catal. Today 232 (2014) 89-98. 
55 
 
[99] L. Hu, X. Tang, J. Xu, Z. Wu, L. Lin, S. Liu, Ind. Eng. Chem. Res. 53 (2014) 
3056-3064. 
[100] G. Wang, J. Hilgert, F. H. Richter, F. Wang, H. Bongard, B. Spliethoff, C. 
Weidenthaler, F. Schüth Nat. Mater. 13 (2014) 293-300. 
[101] Y. Zu, P. Yang, J. Wang, X. Liu, J. Ren, G. Lu, Y. Wang, Appl. Catal. B: Environ. 
146 (2014) 244-248. 
[102] A. S. Mamman, J. M. Lee, Y. C. Kim, I. T. Hwang, N. J. Park, Y. K. Hwang, J. S. 
Chang, J. S. Hwang, Biofuels. Bioprod. Biorefin. 2 (2008) 438-454. 
[103] S. Lima, M. M. Antunes, A. Fernandes, M. Pillinger, M. F. Ribeiro, A. A. Valente, 
Appl. Catal. A: Gen. 388 (2010) 141-148. 
[104] M. J. Antal, T. Leesoboom, W. S. Mok, G. N. Richards, Carbohydr. Res. 271 
(1991) 71-85. 
[105] T. Sako, T. Sugeta, N. Nakazawa, T. Okubo, M. Sato, T. Taguchi, T. J. Hiaki, J. 
Chem. Eng. Jpn. 25 (1992) 372-377. 
[106] C. Moreau, R. Durand, D. Peyron, J. Duhamet, R. Rivalier, Ind. Crops Prod. 7 
(1998) 95-99. 
[107] A. S. Dias, M. Pillinger, A. A. Valente, Appl. Catal. A: Gen. 285 (2005) 126-131. 
[108] A. S. Dias, M. Pillinger, A. A. Valente, J. Catal. 229 (2005) 414-423. 
[109] A. S. Dias, S. Lima, P. Brandao, M. Pillinger, J. Rocha, A. A. Valente, Catal. Lett. 
108 (2006) 179-186. 
[110] S. Lima, M. Pillinger, A. A. Valente, Catal. Commun. 9 (2008) 2144-2148. 
[111] S. Lima, M. M. Antunes, A. Fernandes, M. Pillinger, M. F. Ribeiro, A. A. Valente, 
Appl. Catal. A: Gen. 388 (2010) 141-148. 
[112] R. O’Neill, M. N. Ahmad, L. Vanoye, F. AIouache, Ind. Eng. Chem. Res. 48 
(2009) 4300-4306. 
[113] J. Lessard, J. F. Morin, J. F. Wehrung, D. Magnin, E. Chornet, Top. Catal. 53 
(2010) 1231-1234. 
[114] C. García-Sancho, I. Sádaba, R. Moreno-Tost, J. Mérida-Robles, J. 
Santamaría-González, M. López-Granados, P. Maireles-Torres, 6 (2013) 635-642. 
[115] C. García-Sancho, I. Agirrezabal-Telleria, M. B. Güemez, P. Maireles-Torres, 
Appl. Catal. B: Environ. 152-153 (2014) 1-10. 
[116] B. Pholjaroena, N. Lia, Z. Wang, A. Wang, T. Zhang, J. Energ. Chem. 22 (2013) 
826-832. 
[117] I. Sádaba, M. Ojeda, R. Mariscal, M. L. Granados, Appl. Catal. B: Environ. 
150–151 (2014) 421-431. 
[118] P. L. Dhepe, R. Sahu, Green Chem. 12 (2010) 2153-2156. 
56 
 
[119] P. Bhaumik, P. L. Dhepe, ACS Catal. 3 (2013) 2299-2303. 
[120] G. Seo, H. J. Chon, J. Catal. 67 (1981) 424-429.  
[121] L. J. Frainier, H. Fineberg, DE Patent 3007139, 1980. 
[122] E. Haidegger, DE Patent 2740057, 1977. 
[123] L. Baijun, L. Lianhai, W. Bingchun, C. Tianxi, K. Iwatani, 171 (1998) 117-112 
[124] A. B. Merlo, V. Vetere, J. F. Ruggera, M. L. Casella, Catal. Commun. 10 (2009) 
1665-1669. 
[125] P. Reyes, D. Salinas, C. Campos, J. Murcia, H. Rojas, J. L. G. Fierro, Quim. Nova 
33 (2010) 777-780. 
[126] S. Wei, H. Cui, J. Wang, S. Zhuo, W. Yi, L. Wang, Z. Li, Particuology 9 (2011) 
69-74. 
[127] C. Xu, L. Zheng, L. Liu, Z. Huang, Chin. J. Chem. 29 (2011) 691-697. 
[128] M. Tamura, K. Tokonami, Y. Nakagawa, K. Tomishige, Chem. Commun. 49 
(2013) 7034-7036. 
[129] M. M. Villaverde, N. M. Bertero, T. F. Garetto, A. J. Marchi, Catal. Today 213 
(2013) 87-92. 
[130] B. M. Nagaraja, A. H. Padmasri, B. D. Raju, K. S. Rama-Rao, J. Mol. Catal. A: 
Chem. 265 (2007) 90-97. 
[131] S. Sitthisa, T. Sooknoi, Y. Ma, P. B. Balbuena, D. E. Resasco, J. Catal. 277 (2011) 
1-13. 
[132] D. Vargas-Hernández, J. M. Rubio-Caballero, J. Santamaría-González, R. 
Moreno-Tost, J. M. Mérida-Robles, M. A. Pérez-Cruz, A. Jiménez-López, R. 
Hernández-Huesca, P. Maireles-Torres, J. Mol. Catal. A: Chem. 383-384 (2014) 
106-113. 
[133] J. G. Stevens, R. A. Bourne, M. V. Twigg, M. Poliakoff, Angew. Chem. Int. Ed. 49 
(2010) 8856-8859. 
[134] Y Nakagawa, H. Nakazawa, H. Watanabe, K. Tomishige, ChemCatChem 4 (2012) 
1791-1797. 
[135] Y. Nakagawa, K. Tomishige, Catal. Today 195 (2012) 136-143. 
[136] S. Koso, N. Ueda, Y. Shinmi, K. Okumura, T. Kizuka, K. Tomishige, J. Catal. 267 
(2009) 89-92.  
[137] S. Koso, Y. Nakagawa, K. Tomishige, J. Catal. 280 (2011) 221-229. 
[138] S. Koso, H. Watanabe, K. Okumura, Y. Nakagawa, K. Tomishige, Appl. Catal. B: 
Environ. 111-112 (2012) 27-37. 
[139] K. Chen, S. Koso, T. Kubota, Y. Nakagawa, K. Tomishige, ChemCatChem 2 
(2010) 547-555. 
57 
 
[140] S. Koso, I. Furikado, A. Shimao, T. Miyazawa, K. Kunimori, K. Tomishige, Chem. 
Commun. (2009) 2035-2037.  
[141] K. Chen, K. Mori, H. Watanabe, Y. Nakagawa, K. Tomishige, J. Catal. 294 (2012) 
171-183. 
[142] W. Xu, H. Wang, X. Liu, J. Ren, Y. Wang, G. Lu, 47 (2011) 3924-3926. 
[143] M. Chatterjee, H. Kawanami, T. Ishizaka, M. Sato, T. Suzuki, A. Suzuki, Catal. 
Sci. Technol. 1 (2011) 1466-1471. 
[144] S. Liu, Y. Amada, M. Tamura, Y. Nakagawa, K. Tomishige, Green Chem. 16 
(2014) 617-626. 
[145] H. Singh, M. Prasad, R. D. Srivastava, J. Chem. Technol. Biotechnol. 30 (1980) 
293-296. 
[146] W. Zhang, Y. Zhu, S. Niu, Y. Li, J. Mol. Catal. A: Chem. 335 (2011) 71-81. 
[147] S. Sitthisa, D. E. Resasco, Catal. Lett. 141 (2011) 784-791. 
[148] V. V. Pushkarev, N. Musselwhite, K. An, S. Alayoglu, G. A. Somorjai, Nano Lett. 
12 (2012) 5196-5201. 
[149] M. G. Hitzler, F. R. Smail, S. K. Ross, M. Poliakoff, Org. Process Res. Dev. 2 
(1998) 137-146. 
[150] E. J. Garcia-Suarez, A. M. Balu, M. Tristany, A. B. Garcia, K. Philippot, R. Luque, 
Green Chem. 14 (2012) 1434-1439. 
[151] J. P. Lange, E. van der Heide, J. van Buijtenen, R. Price, ChemSusChem 5 (2012) 
150-166. 
[152] V. Pace, P. Hoyos, L. Castoldi, P. Domínguez de María, A. R. Alcántara, 
ChemSusChem, 5 (2012) 1369-1379. 
[153] F. M. A. Geilen, B. Engendahl, M. Hölscher, J. Klankermayer, W. Leitner, J. Am. 
Chem. Soc. 133 (2011) 14349-14358. 
[154] M. Hronec, K. Fulajtarová, Catal. Commun. 24 (2012) 100-104. 
[155] H. Zheng, Y. Zhu, L. Huang, Z. Zeng, H. Wan, Y. Li, Catal. Commun. 9 (2008) 
342-328. 
[156] H. Zheng, Y. Zhu, B. Teng, Z. Bai, C. Zhang, H. Xiang, Y. Li, J. Mol. Catal. A: 
Chem. 246 (2006) 18-23. 
[157] J. Lessard, J. F. Morin, J. F. Wehrung, D. Magnin, E. Chornet, Top. Catal. 53 
(2010) 1231-1234. 
[158] K. Yan, A. Chen, Fuel 115 (2014) 101-108. 
[159] J. J. Bozell, L. Moens, D. C. Elliott, Y. Wang, G. G. Neuenscwander, S. W. 
Fitzpatrick, R. J. Bilski, J. L. Jarnefelde, Resour. Conserv. Recycl. 28 (2000) 
227-239. 
58 
 
[160] L. E. Manzer, ACS Symp. Ser. 921 (2006) 40-51. 
[161] S. W. Fitzpatrick, ACS Symp. Ser. 921 (2006) 271-287. 
[162] J. Horvat, B. Klaic, B. Metelko, V. Sunjic, Tetrahedron Lett. 26 (1985) 2111-2114. 
[163] K. Lourvanij, G. L. Rorrer, Ind. Eng. Chem. Res. 32 (1993) 11-19. 
[164] K. Lourvanij, G. L. Rorrer, J. Chem. Technol. Biotechnol. 69 (1997) 35-44. 
[165] K. Lourvanij, G. L. Rorrer, Appl. Catal. A 109 (1994) 147-165. 
[166] P. A. Son, S. Nishimura, K. Ebitani, Reac. Kinet. Mech. Cat. 106 (2012) 185-192. 
[167] R. Weingarten, W. C. Conner Jr, G. W. Huber, Energy Environ. Sci. 5 (2012) 
7559-7574. 
[168] R. Weingarten, Y. T. Kim, G. A. Tompsett, A. Fernández, K. S. Han, E. W. 
Hagaman, W. C. Conner Jr. J. A. Dumesic, G. W. Huber, J. Catal. 304 (2013) 
123-134. 
[169] F. Yang, J. Fu, J. Mo, X. Lu, Energ. Fuel. 27 (2013) 6973-6978. 
[170] S. Suacharoen, D. N. Tungasmita, J. Chem. Technol. Biotechnol. 88 (2013) 
1538-1544. 
[171] Y. Zuo, Y. Zhang, Y. Fu, ChemCatChem 6 (2014) 753-757. 
[172] I. T. Horvath, H. Mehdi, V. Fabos, L. Boda, L. T. Mika, Green Chem. 10 (2008) 
238-242. 
[173] L. E. Manzer, Appl. Catal. A: Gen. 272 (2004) 249-256. 
[174] C. O. Cervantes, J. J. Garcia, Inorg. Chim. Acta. 397 (2013) 124-128. 
[175] Z. Yan, L. Lin, S. Liu, Energ. Fuel. 23 (2009) 3853-3858. 
[176] A. M. R. Galletti, C. Antonetti, V. D. Luise, M. Martinelli, Green Chem. 14 (2012) 
688-694. 
[177] C. Delhomme, L. Schaper, M. Zhang-Preße, G. Raudaschl-Sieber, D. 
Weuster-Botz, F. E. Kühn, J. Organomet. Chem. 724 (2013) 297-299. 
[178] M. G. Al-Shaal, W. R. H. Wright, R. Palkovits, Green Chem. 14 (2012) 
1260-1263. 
[179] Y. Yao, Z. Wang, S. Zhao, D. Wang, Z. Wu, M. Zhang, Catal. Today 234 (2014) 
245-250. 
[180] X. Du, L. He, S. Zhao, Y Liu, Y. Cao, H. He, K. Fan, Angew. Chem. Int. Ed. 50 
(2011) 7815-7819. 
[181] P. A. Son, S. Nishimura, K. Ebitani, RSC Adv. 4 (2014) 10525-10530. 
[182] D. Xianlong, L, Yongmei, W. Jianqiang, C. Yong, F. Kangnian, Chin. J. Catal. 34 
(2013) 993-1001. 
[183] K. Yan, T. Lafleur, J. Liao, J. Nanopart Res. 15 (2013) 1906-1913. 
[184] K. Yan, T. Lafleur, G. Wu, J. Liao, C. Ceng, X. Xie, Appl. Catal. A: Gen. 468 
59 
 
(2013) 52-58 
[185]. K. Yan, T. Lafleur, C. Jarvis, G. Wu, J. Clean. Prod. 72 (2014) 230-232. 
[186] K. Yan, A. Chen, Energy, 58 (2013) 357-363. 
[187] K. Yan, A. Chen, Fuel, 115 (2014) 101-108. 
[188] A. M. Hengne, C. V. Rode, Green Chem. 14 (2012) 1064-1072. 
[189] J. Yuan, S. Li, L. Yu, Y. Liu, Y. Cao, H. He, K, Fan, Energy Environ. Sci. 6 (2013) 
3308-3313. 
[190] R. V. Christian Jr., H. D. Brown, R. M. Hixon, J. Am. Chem. Soc. 69 (1947) 
1961-1963. 
[191] J. Wang, S. Jaenicke, G. Chuah, RSC Adv. 4 (2014) 13481-13489. 
[192] P. P. Uprare, J. Lee, Y. K. Hwang, D. W. Hwang, J Lee, S. B. Halligudi, J. S. 
Hwang, J Chang, ChemSusChem 4 (2011) 1749-1752. 
[193] P. P. Upare, J. Lee, D. W. Hwang, S. B. Halligudi, Y. K. Hwang, J Chang, J. Ind. 
Eng. Chem. 17 (2011) 287-292. 
[194] V. Mohan, C. Raghavendra, C. V. Pramod, B. D. Raju, K. S. R. Rao, RSC Adv. 4 
(2014) 9660-9668. 
[195] C. K. Shu, B. M. Lawrence, J. Agric. Food Chem. 43 (1995) 782-784. 
[196] H. J. Bart, J. Reidetschlager, K. Schatka, A. Lehmann, Ind. Eng. Chem. Res. 33 
(1994), 21-25. 
[197] G. M. G. Maldonado, R. S. Assary, J. A. Dumesic, L. A. Curtiss, Energy Environ. 
Sci. 5 (2012) 8990-8997. 
[198] A. M. Hengne, S. B. Kamble, C. V. Rode, Green Chem. 15 (2013) 2540-2547 
[199] A. M. Hengne, S. Biradar, C. V. Rode, Catal. Lett. 142 (2012) 779-787. 
[200] J. M. Nadgeri, N. Hiyoshi, A. Yamaguchi, O. Sato, M. Shirai, Appl. Catal. A: Gen. 
470 (2014) 215-220. 
[201] Z. Yang, Y. Huang, Q. Guo, Y. Fu, Chem. Commun. 49 (2013) 5328-5330. 
[202] M. Chia, J. A. Dumesic, Chem. Commun. 47 (2011) 12233-12235. 
[203] X. Tang, L. Hu, Y. Sun, G. Zhao, W. Hao, L. Lin, RSC Adv. 3 (2013) 
10277-10284. 
[204] A. M. Hengne, C. V. Rode, Green Chem. 14 (2012) 1064-1072. 
[205] M. J. Climent, A. Corma and S. Iborra, Green Chem., 16 (2014) 516-517. 
[206] H. Mehdi, V. Fabos, R. Tuba, A. Bodor, L. T. Mika, I. T. Horvath, Top Catal. 48 
(2008) 49-54. 
[207] F. M. A. Geilen, B. Engendahl, A. Harwardt, W. Marquardt, J. Klankermayer, W. 
Leitner, Angew. Chem. Int. Ed. 49 (2010) 5510-5514. 
[208] X. Du, Q. Bi, Y. Liu, Y. Cao, H. He, K. Fan, Green Chem. 14 (2012) 935-939. 
60 
 
[209] L. Corbel-Demailly, B. Ly, D. Minh, B. Tapin, C. Especel, F. Epron, A. Cabiac, E. 
Guillon, M. Besson, C. Pinel, ChemSusChem 6 (2013) 2388-2395. 
[210] M. Li, G. Li, N. Li, A. Wang, W. Dong, X. Wang, Y. Cong, Chem. Commun. 50 
(2014) 1414-1416. 
[211] M. G. Al-Shaal, A. Dzierbinski, R. Palkovits, Green Chem. 16 (2014) 1358-1364. 
[212] J. ten Dam, U. Hanefeld, ChemSusChem 4 (2011) 1017-1034. 
[213] C. S. Callam, S. J. Singer, T. L. Lowary, C. M. Hadad, J. Am. Chem. Soc. 123 
(2001) 11743-11754. 
[214] C. H. Zhou, J. N. Beltramini, Y. X. Fan, G. Q . Lu, Chem. Soc. Rev. 37 (2008) 
527-549.  
[215] A. Behr, J. Eilting, K. Irawadi, J. Leschinski, F. Lindner, Green Chem. 10 (2008) 
13-30.  
[216] J. Barrault, F. Jérome, Eur. J. Lipid Sci. Technol. 110 (2008) 825-830. 
[217] B. Katryniok, S. Paul, V. Belliere-Baca, P. Rey, F. Dumeignil, Green Chem. 12 
(2010) 2079-2098. 
[218] F. Bauer, C. Hulteberg, Biofuels Bioprod. Bioref. 7 (2013) 43-51. 
[219] A. Ulgen, W. Hoelderich, Catal. Lett. 131 (2009) 122-128. 
[220] A. Ulgen, W. Hoelderich, Appl. Catal. A: Gen. 400 (2011) 34-38. 
[221] G. W. Keulks, L. D. Krenzke, T. M. Notermann, Adv. Catal. 27 (1978) 183-225. 
[222] B. Katryniok, S. Paul, M. Capron, F. Dumeignil, ChemSusChem 2 (2009) 
719-730. 
[223] A. Alhanash, E. F. Kozhevnikova, I. V. Kozhevnikov, Appl. Catal. A: Gen. 378 
(2010) 11-18. 
[224] A. K. Kinage, P. P. Upare, P. Kasinathan, Y. K. Hwang, J. Chang, Catal. Commun. 
11 (2010) 620-623. 
[225] S. Chai, H. Wang, Y. Liang, B. Xu, Green Chem. 10 (2008) 1087-1093. 
[226] S. Chai, H. Wang, Y. Liang, B. Xu, Appl. Catal. A: Gen. 353 (2009) 213-222. 
[227] E. Tsukuda, S. Sato, R. Takahashi, T. Sodesawa, Catal. Commun. 8 (2007) 
1349-1353. 
[228] H. Atia, U. Armbruster, A. Martin, J. Catal. 258 (2008) 71-82. 
[229] M. H. Haider, N. F. Dummer, D. Zhang, P. Miedziak, T. E. Davies, S. H. Taylor, D. 
J. Willock, D. W. Knight, D. Chadwick, G. J. Hutchings, J. Catal. 286 (2012) 
206-213. 
[230] R. Liu, T. Wang, C. Liu, Y. Jin, Chin. J. Catal. 34 (2013) 2174-2182. 
[231] M. H. Haider, C. D’Agostino, N. F. Dummer, M. D. Mantle, L. F. Gladden, D. W. 
Knight, D. J. Willock, D. J. Morgan, S. H. Taylor, G. J. Hutchings, Chem. Eur. J. 
61 
 
20 (2014) 1743-1752. 
[232] R. Liu, T. Wang, Y. Jin, Catal. Today 233 (2014) 127-132. 
[233] Y. T. Kim, K. Jung, E. D. Park, Microporous Mesoporus Mater. 131 (2010) 28-36. 
[234] C. Jia, Y. Liu, W. Schmidt, A. Lu, F. Schuth, J. Catal. 269 (2010) 71-79. 
[235] Y. T. Kim, K. Jung, E. D. Park, Appl. Catal. A: Gen. 393 (2011) 275-287. 
[236] Y. Gu, N. Cui, Q. Yu, C. Li, Q. Cui, Appl. Catal. A: Gen. 429-430 (2012) 9-16. 
[237] C. S. Carriço, F. T. Cruz, M. B. Santos, H. O. Pastore, H. M. C. Andrade, A. J. S. 
Mascarenhas, Microporous Mesoporous Mater. 181 (2013) 74-82. 
[238] B. O. Dalla Costa, M. A. Peralta, C. A. Querini, Appl. Catal. A: Gen. 472 (2014) 
53-63. 
[239] S. Chai, H. Wang, Y. Liang, B. Xu, J. Catal. 250 (2007) 342-349. 
[240] W. Suprun, M. Lutecki, T. Haber, H. Papp, J. Mol. Catal. A: Chem. 309 (2009) 
71-78. 
[241] F. Wang, J. Dubois, W. Ueda, J. Catal. 268 (2009) 260-267. 
[242] N. P. Rajan, G. S. Rao, V. Pavankumar, K. V. R. Chary, Catal. Sci. Technol. 4 
(2014) 81-92. 
[243] J. Deleplanque, J. Dubois, J. Devaux, W. Ueda, Catal. Today, 157 (2010) 351-358. 
[244] A. Ulgen, W. F. Hoelderich, Catal. Lett. 131 (2009) 122-128. 
[245] A. Ulgen, W. F. Hoelderich, Appl. Catal. A: Gen. 400 (2011) 34-38. 
[246] S. Chai, L. Tao, B. Yan, J. C. Vedrine, B, X, RSC Adv. 4 (2014) 4619-4630. 
[247] G. S. Rao, N. P. Rajan, V. Pavankumar, K. V. R. Chary, J. Chem. Technol. 
Biotechnol. (2013) Doi: 10.1002/jctb.4273 
[248] S. Ramayya, A. Brittain, C. De Almeida, W. Mok, M. J. Antal, Fuel 66 (1987) 
1364-1371. 
[249] W. Buhler, E. Dinjus, H. J. Ederer, A. Kruse, C. Mas, J. Supercrit. Fluid. 22 
(2001) 37-53. 
[250] L. Cheng, L. Liu, X. P. Ye, J. Am. Oil. Chem. Soc. 90 (2013) 601-610 
[251] L. Ott, M. Bicker, H. Vogel, Green Chem. 8 (2006) 214-220. 
[252] L. Shen, H. Yin, A. Wang, Y. Feng, Y, Shen, Z. Wu, T. Jiang, Chem. Eng. J. 180 
(2012) 277-283. 
[253] A. S. de Oliveira, S. J. S. Vasconcelos, J. R. de Sousa, F. F. de Sousa, J. M. Filho, 
A. C. Oliveira, Chem. Eng. J. 168 (2011) 765-774. 
[254] E. P. Maris, R. J. Davis, J. Catal. 249 (2007) 328-337. 
[255] T. Miyazawa, S. Koso, K. Kunimori, K. Tomishige, Appl. Catal. A: Gen. 318 
(2007) 244-251. 
[256] T. Miyazawa, Y. Kusunoki, K. Kunimori, K. Tomishige, J. Catal. 240 (2006) 
62 
 
213-221. 
[257] J. Chaminand, L. Djakovitch, P. Gallezot, P. Marion, C. Pinel, C. Rosier, Green 
Chem. 6 (2004) 359-361. 
[258] M. Besson, P. Gallezot, C. Pinel, Chem. Rev. 114 (2014) 1827-1870. 
[259] S. Wang, H. Liu, Catal. Lett. 117 (2007) 62-67. 
[260] C. Montassiera, J. C. Menezoa, L. C. Hoanga, C. Renauda, J. Barbiera, J. Mol. 
Catal. A: Chem. 70 (1991) 99-110. 
[261] J. Feng, J. Wang, Y. Zhou, H. Fu, H. Chen, X. Li, Chem. Lett. 36 (2007) 
1274-1275. 
[262] T. Miyazawa, S. Koso, K. Kunimori, K. Tomishige, Appl. Catal. A: Gen. 329 
(2007) 30-35. 
[263] J. Feng,W. Xiong, B. Xu, W. Jiang, J. Wang, H. Chen, Catal. Commun. 46 (2014) 
98-102. 
[264] Z. Yuan, P. Wu, J. Gao, X. Lu, Z. Hou, X. Zheng, Catal. Lett. 261 (2009) 261-265. 
[265] M. G. Musolino, L. A. Scarpino, F. Mauriello, R. Pietropaolo, ChemSusChem 4 
(2011) 1143-1150. 
[266] I. Furikado, T. Miyazawa, S. Koso, A. Shimao, K. Kunimori, K. Tomishige, Green 
Chem. 9 (2007) 582-588. 
[267] F. Auneau, S. Noël, G. Aubert, M. Besson, L. Djakovitch, C. Pinel, Catal. 
Commun. 16 (2011) 144-149. 
[268] J. Zhou, J. Zhang, X. Guo, J. Mao, S. Zhang, Green Chem. 14 (2012) 156-163. 
[269] A. Bienholz, H. Hofmann, P. Claus, Appl. Catal. A: Gen. 391 (2011) 153-157. 
[270] S. Hao, W. Peng, N. Zhao, F. Xiao, W. Wei, Y. Sun, J. Chem. Technol. 
Biotechnol. 85 (2010) 1499-1503. 
[271] Z. Huanga, F. Cui, J. Xue, J. Zuo, J. Chen, C. Xia, Catal. Today 183 (2012) 
42-51. 
[272] Z. Yuan, J. Wang, L. Wang, W. Xie, P. Chen, Z. Hou, X. Zheng, Bioresour. 
Technol. 101 (2010) 7088-7092. 
[273] Z. Yuan, L. Wang, J. Wang, S. Xia, P. Chen, Z. Hou, X. Zheng, Appl. Catal. B: 
Environ. 101 (2011) 431-440. 
[274] D. Durán-Martín, M. Ojeda, M. López Granados, J. L. G. Fierro, R. Mariscal, 
Catal. Today 210 (2013) 98-105. 
[275] X. Guo, A. Yin, X. Guo, X. Guo, W. Dai, K. Fan, Chin. J. Chem. 29 (2011) 
1563-1566. 
[276] X. Guo, Y. Li, W. Song, W. Shen, Catal. Lett. 141 (2011) 1458-1463. 
[277] J. Zhou, L. Guo, X. Guo, J. Mao, S. Zhang, Green Chem. 12 (2010) 1835-1843. 
63 
 
[278] T. Jiang, Y. Zhou, S. Liang, H. Liu, B. Han, Green Chem. 11 (2009) 1000-1006. 
[279] X. Guo, Y. Li, Q. Liu, W. Shen, Chin. J. Catal, 33 (2012) 645-650. 
[280] Y. Li, H. Liu, L. Ma, D. He, RSC Adv. 4 (2014) 5503-5512 
[281] M. G. Musolino, L. A. Scarpino, F. Mauriello, R. Pietropaolo, Green Chem. 11 
(2009) 1511-1513. 
[282] R. B. Mane, C. V. Rode, Org. Process Res. Dev. 16 (2012) 1043-1052. 
[283] D. Roy, B. Subramaniam, R. V. Chaudhari, Catal. Today 156 (2010) 31-37. 
[284] I. Gandarias, P. L. Arias, S. G. Fernández, J. Requies, M. E. Doukkali, M. B. 
Güemez, Catal. Today 195 (2012) 22-31. 
[285] C. W. Chiu, A. Tekeei, W. R. Sutterlin, J. M. Ronco, G. J. Suppes, AIChE J. 54 
(2008) 2456-2463. 
[286] C. W. Chiu, A. Tekeei, J. M. Ronco, M. L. Banks, G. J. Suppes, Ind. Eng. Chem. 
Res. 47 (2008) 6878-6884. 
[287] M. Akiyama, S. Sato, R. Takahashi, K. Inui, M. Yokota, Appl. Catal. A: Gen. 371 
(2009) 60-66. 
[288] S. Sato, M. Akiyama, K. Inui, M. Yokota, Chem. Lett. 38 (2009) 560-561. 
[289] A. Bienholz, H. Hofmann, P. Claus, Appl. Catal. A: Gen. 391 (2011) 153-157. 
[290] G. D. Yadav, P. A. Chandan, D. P. Tekale, Ind. Eng. Chem. Res. 51 (2012) 
1549-1562. 
[291] S. Zhu, X. Gao, Y. Zhu, Y. Zhu, H. Zheng, Y. Li, J. Catal. 303 (2013) 70-79. 
[292] M. W. Balakos, S. S.C. Chuang, J. Catal. 151 (1995) 253-265. 
[293] M. Bron, D. Teschner, A. Knop-Gericke, F. C. Jentoft, J. Krohnert, J. Hohmeyer, 
C. Volckmar, B. Steinhauer, R. Schlogl, P. Claus, Phys. Chem. Chem. Phys. 9 
(2007) 3559-3569. 
[294] V. I. Zapirtan, B. L. Mojet, J. G. van Ommen, J. Spitzer, L. Lefferts, Catal. Lett. 
101 (2005) 43-47. 
[295] K. Mori, Y. Yamada, S. Sato, Appl. Catal. A: Gen. 366 (2009) 304-308. 
[296] D. Zhang, S. A. I. Barri, D. Chadwick, Appl. Catal. A: Gen. 400 (2011) 148-155. 
[297] G. A. Kraus, Clean 36 (2008) 648-651. 
[298] L. Huang, Y. Zhu, H. Zheng, G. Ding, Y. Li, Catal. Lett. 131 (2009) 312-320. 
[299] L. Gong, Y. Lu, Y. Ding, R. Lin, J. Li, W. Dong, T. Wang, W. Chen, Appl. Catal. 
A: Gen. 390 (2010) 119-126. 
[300] Y. Nakagawa, Y. Shinmi, S. Koso, K. Tomishige, J. Catal. 272 (2010) 191-194 
[301] Y. Amada, Y. Shinmi, S. Koso, T. Kubota, Y. Nakagawa, K. Tomishige, Appl. 
Catal. B: Environ. 105 (2011) 117-127. 
[302] J. Oh, S. Dash, H. Lee, Green Chem. 13 (2011) 2004-2007. 
64 
 
[303] Y. Zhang, X. Zhao, Y. Wang, L. Zhou, J. Zhang, J. Wang, A. Wang, T. Zhang, J. 
Mater. Chem. A. 1 (2013) 3724-3732. 
[304] R. Arundhathi, T. Mizugaki, T. Mitsudome, K. Jitsukawa, K. Kaneda, 
ChemSusChem 6 (2013) 1345-1347. 
[305] L. Huang, Y. Zhu, H. Zheng, G. Ding, Y. Li, Catal. Lett. 131 (2009) 312-320 
[306] L. Qin, M. Song, C. Chen, Green Chem. 12 (2010) 1466-1472. 
[307] S. Zhu, Y. Qiu, Y. Zhu, S. Hao, H. Zheng, Y. Li, Catal. Today 212 (2013) 120-126. 
[308] S. Zhu, X. Gao, Y. Zhu, Y. Zhu, X. Xiang, C. Hu, Y. Li, Appl. Catal. B: Environ. 
140-141 (2013) 60-67. 
[309] C. Angelici, B. M. Weckhuysen, P. C. A. Bruijnincx, ChemSusChem 6 (2013) 
1595-1614. 
[310] C. Hamelinck, G. Hooijdonk, A. Faaij, Biomass Bioenergy 28 (2005) 384-410. 
[311] W. M. Quattlebaum, W. J. Toussaint, J. T. Dunn, J. Am. Chem. Soc. 69 (1947) 
593-599. 
[312] B. B. Corson, H. E. Jones, C. E. Welling, J. A. Hinckley, E. E. Stahly, Ind. Eng. 
Chem. 42 (1950) 359-373. 
[313] S. K. Bhattacharyya, B. N. Avasthi, Ind. Eng. Chem. Process Des. Dev. 2 (1963), 
45-51. 
[314] R. Ohnishi, T. Akimoto, K. Tanabe, Chem. Commun. (1985) 1613-1614. 
[315] Y. Kitayama, M. Satoh, T. Kodama, Catal. Lett. 36 (1996) 95-97. 
[316] M. D. Jones, C. G. Keir, C. D. Iulio, R. A. M. Robertson, C. V. Williams, D. C. 
Apperley, Catal. Sci. Technol. 1 (2011) 267-272. 
[317] E. V. Makshina, W. Janssens, B. F. Sels, P. A. Jacobs, Catal. Today 198 (2012) 
338-344. 
[318] H. Chae, T. Kim, Y. Moon, H. Kim, K. Jeong, C. Kim, S. Jeong, Appl. Catal. B: 
Environ. 150-151 (2014) 596-604. 
[319] J. A. Gao, H. Xu, Q. Li, X. Feng, S. Li, Bioresour. Technol. 101 (2010) 
7076-7082. 
[320] X. Ji, H. Huang, J. Du, J. Zhu, L. Ren, N. Hu, S. Li, Bioresour. Technol. 100 
(2009) 3410-3414. 
[321] L. Zhang, Y. Yang, J. Sun, Y. Shen, D. Wei, J. Zhu, J. Chu, Bioresour. Technol. 
101 (2010) 1961-1967. 
[322] K. Petrov, P. Petrova, Appl. Microbiol. Biotechnol. 84 (2009) 659-665. 
[323] X. Ji, H. Huang, J. Du, J. Zhu, L. Ren, S. Li, Z. Nie, Bioresour. Technol. 100 
(2009) 5214-5218. 
[324] X. Ji, H. Huang, P. Ouyang, Biotechnol. Adv. 29 (2011) 351-364. 
65 
 
[325] M. E. Winfield, J. Council Sci. Ind. Res. 18 (1945) 412-423. 
[326] W. Zhang, D. Yu, X. Jia, H. Huang, Green Chem. 14 (2012) 3441-3450. 
[327] H. Duan, D. Sun, Y. Yamada, S. Sato, Catal. Commun. 48 (2014) 1-4. 
[328] S. Sato, J. Igarashi, Y. Yamada, Appl. Catal. A: Gen. 453 (2013) 213-218. 
[329] S. Sato, N. Sato, Y. Yamada, Chem. Lett. 41 (2012) 831-833. 
66 
 
Chapter 2 Vapor-phase production of 1,2-propanediol from glycerol 
over Ag-loaded Cu-Al2O3 catalyst. 
2.1 Abstract 
The vapor-phase hydrogenolysis of glycerol was performed at a gradient 
temperature and ambient hydrogen pressure over a commercial Cu/Al2O3 catalyst 
modified with silver. Addition of Ag into Cu/Al2O3 catalysts was found to be efficient in 
inhibiting the decomposition of glycerol to produce ethylene glycol and gave a yield of 
1,2-propanediol higher than that of the original Cu/Al2O3 without Ag. To minimize the 
ethylene glycol formation, the suitable loading of Ag was 1 wt.%. Since the Ag loading 
decreases the hydrogenation ability of the Cu/Al2O3 catalyst, 1 wt.% Ag-loaded 
Cu/Al2O3 catalyst was placed on the upper layer of the fixed catalyst bed and the 
Cu/Al2O3 catalyst was placed on the bottom layer for achieving much higher 
1,2-propanediol yield. The effect of temperatures of the top, the interlayer, and the 
bottom layers of the catalyst bed on the yield was also examined: a high 1,2-propanediol 
yield of 98.3%, which is the highest value under ambient H2 atmosphere conditions, 
was achieved at a gradient temperature from 170 oC to 105 oC and a glycerol 
concentration of 15 wt.%. 
2.2 Introduction 
The application of renewable biomass provides a facile route to alleviate the 
shortage of fossil fuels and reduce CO2 emission [1,2]. Glycerol, as a biomass derivate, 
is currently produced in the biodiesel production process which brings a huge amount of 
glycerol close to 10 wt.% of the overall biodiesel production [3-5]. Nowadays, a large 
surplus of crude glycerol is directly incinerated, although the crude glycerol must be a 
waste of a potential raw material [6]. Many kinds of value-added chemicals [1-5], such 
as acrolein [6-9], lactic acid [10,11], 1,2-propanediol (1,2-PDO) [12-19], and 
1,3-propanediol (1,3-PDO) [20-23], can be derived from glycerol. 
1,2-PDO is a valuable chemical, which is mainly used for producing polymers 
[24]. In the liquid-phase processes, hydrogenolysis of glycerol into 1,2-PDO proceeds 
over various metal catalysts such as Rh [25,26], Ru [27,28], Ni [28,30], Pt [31,32], Ag 
[33], and Cu [12,19]. Huang et al. reported 98% selectivity to 1,2-PDO with a 
conversion of ca. 82% over Cu/SiO2 catalyst at 180 
oC and an H2 pressure of 6.0 MPa, 
while ethylene glycol (EG) as a by-product increases with increasing the reaction 
temperature [12]. In the liquid phase, the formation of 1-propanol is preferable over 
Cu/boehmite at 200 oC and an H2 pressure of 4.0 MPa, so that the stepwise 
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hydrogenolysis of 1,2-PDO decreases the selectivity to 1,2-PDO at high conversion 
[19].  
In the vapor phase, copper metal works as a catalyst in the formation of 
1,2-PDO from glycerol at H2 atmosphere [13-18]. Zhu et al. also reported 98% 
selectivity to 1-2PDO with a complete conversion over boron oxide-loaded Cu/SiO2
catalyst at 200 oC at an H2 pressure of 5.0 MPa [18]. It is known that this reaction 
proceeds through two steps: the first step is glycerol dehydration to produce 
hydroxyacetone (HA) [34,35], and the second step is HA hydrogenation to produce 
1,2-PDO [15,16]. In the previous research of our group, the reaction was performed at a 
gradient temperature, which was efficient for both endothermic dehydration of glycerol 
at high temperature and the exothermic hydrogenation of HA at low temperature: the 
selectivity to 1,2-PDO higher than 95% with a complete conversion was obtained even 
at ambient pressure [15]. Under an H2 pressure of 5.0 MPa at 220 
oC, Ag supported on 
porous manganese oxide exhibits the stable glycerol hydrogenolysis activity with the 
1,2-PDO selectivity above 65 % at the glycerol conversion of 60% [33]. 
In the vapor-phase processes, a major by-product, EG, reduces the 1,2-PDO 
selectivity [14-18,33], while another by-product, HA, can be hydrogenated into 
1,2-PDO because of the shift of equilibrium in the hydrogenation [14,15]. Furthermore, 
the reduction of the EG yield is also important from the view of industrial application 
because the separation of EG from 1,2-PDO is difficult due to the similar properties of 
1,2-PDO and EG. Therefore, inhibiting EG formation is regarded as the key for 
achieving a complete yield of 1,2-PDO from glycerol. Recently, our group has reported 
the dehydration of glycerol into HA over Ag/SiO2 catalyst: the selectivity to HA is 91.1 
mol% in H2 flow at 240 
oC [36], while the selectivity to EG was only 1.6%, which is 
much lower than 5.4% over Cu/Al2O3 without Ag at 230 
oC [15]. It is expected that the 
modification of Cu/Al2O3 catalyst with silver inhibits the generation of EG and 
increases 1,2-PDO yield.  
OHOH
OH
OH
OH
OH
O
-H2O
Cu-Ag Cu
+H2
In this chapter, a commercial Cu/Al2O3 catalyst was modified with Ag for the 
glycerol dehydration-hydrogenation reaction, and optimum reaction conditions for the 
1,2-PDO formation were also studied at gradient temperatures and ambient hydrogen 
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pressure. 
2.3 Experimental 
2.3.1 Sample preparation 
Glycerol and silver nitrate were purchased from Wako Pure Chemical 
Industries Ltd. Cu/Al2O3 (N242) purchased from Nikki Chemical Co., Ltd. has the CuO 
content of 55.1% and the surface area of 118 m2 g-1 [15]. Supported silver catalysts were 
prepared by incipient wetness impregnation method using an aqueous solution of silver 
nitrate as the precursor of Ag and N242 as a support. In an example, 0.158 g AgNO3
was dissolved in 15 ml water for preparing 1 wt.% Ag-loaded N242 catalyst. The 
solution with an amount of ca. 0.3 ml was dropped onto 10 g N242 in one time, and the 
water was evaporated at an ambient pressure and 70 oC by being illuminated by 350-W 
electric light bulb. After the sample has been dried, the procedure was repeated until all 
the solution was consumed. After the impregnation process, the catalyst was dried at 
110 oC for 12 h, and finally calcined at 400 oC for 3 h. The percentage of Ag in the 
Ag-loaded N242 catalyst was calculated based on the weight of Ag metal. For 
comparison, unloaded N242 was also calcined at 400 oC for 3 h prior to the reaction. 
The sample name is denoted by “N242-x%Ag”, where x is weight percentage of Ag 
loaded on N242 catalyst. For example, 1 wt.% Ag-containing N242 catalyst, hereafter 
denoted as N242-1%Ag. 
2.3.2 Catalytic reaction 
The catalytic reaction of glycerol was performed in a fix-bed down-flow glass 
reactor (Figure 2-1) with an inner diameter of 17 mm at ambient H2 pressure: a detail 
procedure is described elsewhere [15]. A catalyst (weight, 8.7g; volume, 7.2 cm3; height, 
3.4 cm) was placed in the catalyst bed. If two types of catalysts such as N242 and 
N242-1%Ag catalysts were used, the Ag-loaded N242 catalyst was placed over the 
N242 catalyst bed where the total weight of the catalysts was 8.7 g. Prior to the reaction, 
the catalysts were reduced by H2 at 250 
oC for 1 h. After the temperature of the catalysts 
bed had been kept at the prescribed temperature, an aqueous solution of glycerol was 
fed through the top of the reactor at the liquid feed rate of 1.32 cm-3 h-1 with an H2 flow 
of 360 cm-3 min-1. The liquid effluents collected in a dry ice-acetone trap (-78 oC) every 
hour were analyzed by a FID-GC (GC-2014, Shimadzu) with a 30-m capillary column 
of Rtx-WAX (RESTEK). A GC-MS (QP5050A, Shimadzu) was used for identification 
of the products in the effluent. The conversion and selectivity were calculated as 
follows.
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Figure 2-1 Fixed-bed down flow reactor. 
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Typical conditions of the catalytic reaction are as follows. 
 Reactant:    15-30 wt.% glycerol aqueous solution 
 Catalyst weight:   8.7 g 
Catalyst height:    3.4 cm 
Catalyst volume   7.2 cm3
Feeding rate:     1.32 cm3 h-1
Carrier gas:     H2
Carrier gas flow rate:    360 cm3 min-1
Reaction temperature:    Gradient temperature form 200 °C to 130 oC 
Reaction time:     5 h 
Pretreatment:     250 oC at 30 cm3 min-1 H2 flow for 1 h 
Trap:      Acetone-dry ice (-78 °C) 
2.3.3 Analysis of recovered liquid
0.1 µL of trapped liquid was injected into gas chromatography equipped with 
Flame Ionization Detector (FID-GC). The conditions of FID-GC analysis are as follows. 
Column:     Rtx-WAX (RESTEK) 
Column length:    30 m 
Column internal diameter:   0.25 mm 
Column film thickness:    0.25 µm 
Column temperature program:    
40 oC (2 min)       230 oC (4 min) 
Carrier gas:     helium (Japan Helium Center Corporation) 
Column flow rate:    2.00 mL min-1
Linear velocity:    42.0 cm s-1
Injection temperature:    250 °C 
Injection pressure:    145.0 kPa 
Split ratio:     9 
Detection temperature:    250 °C 
2.3.4 Identification of products 
Identification of products was operated on a gas chromatograph mass 
spectrometer (GCMS-QP5050A, Shimadzu, Japan) under the following conditions. 
Column:     DB-WAX (GL science) 
Column length:    30 m 
Column internal diameter:   0.25 mm 
(10 oC min-1) 
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Column film thickness:    0.25 µm 
Column temperature program:     
     60 oC (1 min)       230 oC (2 min) 
Carrier gas:     helium (Japan Helium Center Corporation) 
Column flow rate:    2.00 mL min-1
Linear velocity:    51.6 cm s-1
Injection temperature:    250 °C 
Split ratio:     9 
Detection temperature:    250 °C 
Measurement method:    scanning 
Detector voltage:    0.7 kV (absolute value) 
Threshold:     1000 
Interval:     0.5 s 
Measurement period:    1.50 - 20.00 min 
m/z measurement range:   10.00-450.00 
Scanning rate:     1000
2.3.5 Characterization of catalysts 
Temperature-programmed reduction (TPR) measurements were performed for 
characterizing metal state of the catalysts in a mixed flow of H2/N2 (=1/9) at a flow rate 
of 10 cm3 min-1 at a heating rate of 5 oC min-1 from 25 to 900 oC, the details are 
described elsewhere [15,37]. The XRD patterns of the samples were recorded on a D8 
ADVANCE (Bruker, Japan) using Cu Kα radiation. 
TPR was measured under the following conditions. 
Heating rate:     5 oC min-1
Concentration of hydrogen:  10 vol% hydrogen in nitrogen 
Catalyst weight:   10 mg 
Flow rate:     10 cm3 min-1
Start temperature:   25 oC 
End temperature:   900 oC 
X-ray diffraction (XRD) pattern was measured by using D8 ADVANCE (Bruker) under 
the following conditions. 
Radiation source:    Cu Kα (λ=1.54 Å) 
Measuring mode:    continuous scanning 
(10 oC min-1) 
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Measuring range:    20-70 degree 
X-ray tube voltage:    40.0 kV 
X-ray tube current:    40.0 mA 
2.4 Results 
2.4.1 Reaction of 1,2-PDO over different loading of Ag-Cu/Al2O3 catalysts 
Prior to the temperature-gradient experiment, the reaction was performed at a 
constant temperature of 200 oC and short contact time in order to clarify the effect of Ag 
loading on the catalytic performance of N242 catalyst. Table 2-1 demonstrates catalytic 
data at conversion level lower than 100 % using a catalyst of 1 g and an aqueous 
glycerol solution with the concentration of 30 wt.% as the reactant. The glycerol 
conversion decreased with increase in Ag loading. In addition, the selectivity to 
1,2-PDO was decreased with increase in Ag loading while the selectivity to HA was 
significantly increased by Ag loading. The Ag loading on N242 catalyst clearly 
indicates to be the decrease in the catalytic activities of N242 catalyst for both the 
dehydration of glycerol and the hydrogenation of HA. It should be noticed that the 
selectivity to EG was reduced significantly. 
Table 2-1 Effect of Ag loading over N242 on the catalytic reaction of glycerol a.  
Ag content Conversion b  Selectivity/ % b
 / %  / %   1,2-PDO    HA     EG    1-Propanol 
0 c   94.3   70.5     23.7     3.6       0.2 
1.0 c   93.2   69.9     25.9     2.1  0.1 
5.0 c   84.1   59.9     35.6     2.8  0.1 
0 d  100   94.1      1.2     3.4  0.1 
0.5 d  100   93.8      1.0     2.8  0.1 
1.0 d  100   96.2      1.2     1.6  0.1 
1.5 d  100   95.7      1.1     1.7  0.1 
2.0 d  100   95.1      1.2     2.3  0.1 
5.0 d  100   92.7      3.2     2.7  0.0 
a Reaction conditions: feed rate, 1.32 cm3 h-1; H2 flow rate, 360 cm
3 min-1; H2/glycerol= 
700. An aqueous solution of glycerol at a concentration of 30 wt.% was used as the 
reactant. b Average activity between 1 h and 5 h. c Reaction temperature, 200 oC; catalyst 
weight, 1.0 g (0.4 cm). d Gradient temperature, 200 oC to 130 oC.; catalyst weight, 8.7 g 
(3.4 cm). 
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Figure 2-2 Changes in selectivity with time on stream over (a) N242, (b) N242-1%Ag, 
and (c) N242-5%Ag. 
Reaction conditions: gradient temperature, 200 oC to 130 oC; feed rate, 1.32 cm3 h-1; H2
flow rate, 360 cm3 min-1; H2/glycerol = 700; catalyst weight, 8.7 g (3.4 cm). An aqueous 
solution of glycerol at a concentration of 30 wt.% was used as the reactant. 
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Since the gradient temperature conditions have been proved to be efficient 
in achieving high yields of 1,2-PDO even at ambient pressure in our previous study [15], 
the additive effect of Ag into N242 catalyst was examined at the gradient temperatures 
of 200 oC to 130 oC in the following section. Table 2-1 also shows the results of glycerol 
hydrogenolysis over Ag-loaded N242 catalysts with different Ag contents. Glycerol was 
completely converted in all the reactions. 1,2-PDO was the major product while HA, EG, 
and methanol were the main by-products with a small amount of 1-propanol. Ag-loaded 
catalysts show the selectivity to EG lower than that of N242. The selectivity to EG 
decreased with increasing the loading of Ag at Ag loading lower than 1 wt.%. The 
lowest selectivity to EG of 1.6% was obtained over N242-1%Ag catalyst, which gave 
the highest 1,2-PDO selectivity of 96.2%. 
Figure 2-2 shows the changes in the catalytic activities of N242 and Ag-loaded 
N242 catalysts with time on stream. It is obvious that the decrease in the selectivity to 
EG and the increase in the selectivity to 1,2-PDO are achieved by 1 wt.% Ag loaded on 
N242 (Figure 2-2a and 2b). However, at Ag loading higher than 1 wt.%, the selectivity 
to 1,2-PDO decreased and the selectivity to EG increased with increasing the Ag 
loading. The selectivity to HA increases to 3.2% and the selectivity to 1,2-PDO 
decreases to 92.7% at Ag content of 5 wt.%. The changes in the catalytic activity with 
time on stream over N242-5%Ag is shown in Figure 2-2c. The increase of the 
selectivity to HA is observed after 3 h of the reaction. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3 XRD patterns of N242 and Ag-loaded N242 catalysts. 
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Figure 2-4 XRD patterns of N242 and Ag-loaded N242 catalysts 
reduced at different temperatures.
Figure 2-3 shows the XRD patterns of modified N242 catalysts with different 
Ag loading. The unloaded N242 without Ag showed typical diffraction peaks of CuO at 
2θ = 35.5 and 38.7 degree [JCPDS file 5-0661]. All the Ag-loaded N242 catalysts 
showed the same diffraction patterns of N242 and no peak attributed to Ag and/or AgO 
was detected. The loaded Ag is not agglomerated on the N242 catalyst because only 
peaks of CuO were observed. Figure 2-4 shows the XRD patterns of Ag-loaded N242 
catalysts reduced at different temperatures for 1 h. N242 reduced at 250 oC shows 
typical diffraction peaks of Cu at 2θ = 43.5 and 50.1 degree [JCPDS file 4-0836]. The 
diffraction patterns of N242-1%Ag and N242-5%Ag reduced at 250 oC are the same as 
those of reduced N242. Even at a high reduction temperature of 600 oC, the Ag-loaded 
samples had no diffraction peaks attributed to Ag metal, while they show higher 
crystallinity of Cu than those reduced at 250 oC. 
Figure 2-5 shows TPR profiles of N242 and Ag-loaded N242 catalysts with 
different Ag loading. N242 had two reduction peaks at 210 oC and 215 oC. The 
reduction peaks of 0, 1, 2, and 5 wt.% Ag-loaded N242 catalysts are observed at 210, 
207, 199, and 198 oC, respectively. The reduction peak shifts from the high temperature 
to the low temperature with increasing Ag loading. 
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Figure 2-5 TPR profiles of N242 and Ag-loaded N242 catalysts. 
2.4.2 Effect of calcination temperature of N242-1%Ag catalysts 
Table 2-2 summarizes the catalytic performance of N242-1%Ag catalysts 
calcined at different temperatures. The conversion of 1,2-PDO is 100% in these 
reactions. The calcination temperature clearly affected HA and EG formation. The 
selectivities to HA and EG increased with increasing the calcination temperature while 
the selectivity to 1,2-PDO decreased. 1-Propanol and some unidentified products were 
formed over the catalysts calcined at high temperatures. 
Table 2-2 Effect of calcination temperature of N242-1%Ag a. 
Calcined Temp.  Conv. b Selectivity/ %b
/ oC    / % 1,2-PDO HA EG 1-Propanol 
400   100  96.2  1.2 1.6    0.1 
500   100  95.3  1.0 1.7    0.2 
600   100  92.0  1.0 1.8    1.1 
a Reaction conditions: gradient temperature, 200 oC to 130 oC; feed rate, 1.32 cm3 h-1; H2
flow rate, 360 cm3 min-1; H2/glycerol = 700; catalyst weight, 8.7 g (3.4 cm). An aqueous 
solution of glycerol at a concentration of 30 wt.% was used as the reactant. b Average 
activity between 1 h and 5 h. 
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Figure 2-6 shows the XRD patterns of N242-1%Ag calcined at different 
temperatures. The intensity of the diffraction peaks of CuO in N242-1%Ag increased 
with increasing the calcination temperature. The crystallinity of CuO increases with 
increasing the calcination temperature. This tendency indicates that large particle of 
CuO was formed at high temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6 XRD patterns of N242 and N242-1%Ag calcined at different temperatures. 
2.4.3 Hydrogenolysis of glycerol over double-layered catalysts 
Since the addition of Ag decreased the hydrogenation ability, the selectivity to 
1,2-PDO decreased and that to HA increased (5wt.% Ag loading, Table 2-1). Catalytic 
reactions, in which N242-1%Ag in the bottom layer of the catalyst bed was replaced by 
N242 catalyst with powerful hydrogenation ability, was performed to shift the 
equilibrium to the 1,2-PDO side in the hydrogenation. The effect of reaction 
temperatures in the top, the interlayer, and the bottom position of the catalyst bet on the 
selectivity to 1,2-PDO was also examined (Table 2-3). In the single-layered 
N242-1%Ag catalyst at the same gradient temperature (Entry 1 of Table 2-3), the 
selectivity to 1,2-PDO and EG were 96.2% and 1.6%, respectively, at a gradient 
temperature from 200 oC to 130 oC. In the double-layered catalyst bed, where the total 
weight of N242-1%Ag and N242 was 8.7 g, the interlayer temperature was controlled 
by the charged amounts of N242-1%Ag and N242. The selectivity to 1,2-PDO and EG 
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were 95.5% and 2.1%, respectively, at a gradient temperature from 200 oC to 130 oC 
with an interlayer temperature of 185 oC (Entry 2). The selectivity to the by-product EG 
decreased with decreasing the interlayer temperature: when the interlayer temperature 
decreased to 170 oC (Entry 3), the EG selectivity was similar to that of single-layered 
N242-1%Ag catalyst bed (Entry 1). In Entry 2, the EG selectivity was higher than that 
of Entry 1.  
Table 2-3 Hydrogenolysis of glycerol over double-layered catalysts a. 
Entry Catalyst     Temperature / oC Conv. b     Selectivity/ %b
Top    Bottom  / %    1,2-PDO HA EG 
1 A(8.7 g)     200    130 100      96.2 1.2 1.6 
2 A(1.9 g)     200    185 100      95.5 1.0 2.1 
B(6.8 g)     185    130 
3 A(3.7 g)     200    170 100      96.1 1.0 1.7 
B(5.0 g)     170    130 
4 A(3.3 g)     200    170 100      96.8 0.5 1.6 
B(5.4 g)     170    120 
5 A(3.6 g)     190    165  99.7      96.1 1.8 1.5 
B(5.1 g)     165    130 
a Reaction conditions: feed rate, 1.32 cm3 h-1; H2 flow rate, 360 cm
3 min-1; H2/glycerol= 
700; catalyst weight, 8.7 g (3.4 cm). An aqueous solution of glycerol at a concentration 
of 30 wt.% was used as the reactant. b Average activity between 1 h and 5 h. Catalyst A 
and B are N242-1%Ag and N242, respectively. 
The reaction was also performed at a gradient temperature from a top 
temperature of 200 oC to a low bottom temperature of 120 oC, and the selectivity to HA 
decreased to 0.5% and the selectivity to 1,2-PDO significantly increased to 96.8% 
(Entry 4). However, the conversion decreased to 99.7% and the HA selectivity 
increased to 1.8% at the gradient temperature from 190 oC to 130 oC (Entry 5). 
2.4.4 Reaction using aqueous glycerol solution at a concentration of 15 wt.% over 
double-layered catalysts 
When aqueous glycerol solution at the concentration of 30 wt.% was used as 
the reactant (Entry 5, Table 2-3), the HA hydrogenation to 1,2-PDO was not completed 
and the conversion of glycerol decreased at a top temperature of 190 oC. Thus, further 
study for achieving high 1,2-PDO yield was performed using aqueous glycerol solution 
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at a concentration of 15 wt.%.  
Table 2-4 Hydrogenolysis of glycerol at a concentration of 15 wt.% over 
double-layered catalysts a. 
Entry    Catalyst   Temperature / oC Conv. b     Selectivity/ %b
Top    Bottom  / %     1,2-PDO HA  EG 
1  A(3.5 g)   185      164 100       97.5 0.5 1.6 
B(5.2 g)   164      120 
2  A(3.5 g)   170      150 100       98.0 0.5 1.4 
B(5.2 g)   150     120 
3  A(3.5 g)   170      144 100       98.3 0.2  1.4 
B(5.2 g)   144     105 
4  B(8.7 g)   170      105 100       96.0 0.2 3.0 
a Reaction conditions: feed rate, 1.32 cm3 h-1; H2 flow rate, 360 cm
3 min-1; H2/glycerol = 
1400; catalyst weight, 8.7 g (3.4 cm). An aqueous solution of glycerol at a concentration 
of 15 wt.% was used as the reactant. b Average activity between 1 h and 5 h. Catalyst A 
and B are N242-1%Ag and N242, respectively. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-7 Changes in selectivity with time on stream over double-layered catalysts at a 
gradient temperature from 170 oC to 105 oC (Table 2-4, entry 3). 
Reaction conditions: feed rate, 1.32 cm3 h-1; H2 flow rate, 360 cm
3 min-1; H2/glycerol= 
1400; catalyst weight, 8.7 g (3.4 cm). An aqueous solution of glycerol at a concentration 
of 15 wt.% was used as the reactant. 
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Table 2-4 shows the catalytic reaction results. The selectivity to 1,2-PDO was 
97.5% with a complete conversion at a gradient temperature from 185 oC to 120 oC 
(Entry 1). The selectivity to EG slightly decreased with decreasing the top temperature, 
and the selectivity to 1,2-PDO was 98.0% at a gradient temperature from 170 oC to 120 
oC (Entry 2). The selectivity to HA was only 0.2% and the selectivity to 1,2-PDO 
increased to 98.3% in the reaction performed at a gradient temperature from 170 oC to a 
low bottom temperature of 105 oC (Entry 3). Figure 2-7 shows the changes of the 
catalytic activity with time on stream: the catalytic activity was stable during the initial 
5 h of the test. For comparison, the reaction at a gradient temperature from 170 oC to 
120 oC over the unloaded N242 catalyst was performed: the selectivity to 1,2-PDO was 
96.0% (Entry 4), which was lower than 98.3% over double-layered catalysts (Entry 3). 
2.5 Discussion
2.5.1 Effect of the loading of Ag on the catalytic activity of Cu/Al2O3
Bimetallic catalysts have been found to be effective for many kinds of reactions 
such as CO oxidation over TiO2 supported Au-Cu bimetallic catalysts [38]. Cu-Ag 
bimetallic catalyst was found to be effective for the epoxidation of propylene [39] and 
ethylene [40-42]. The synergistic effect between Ag and Cu was found to be beneficial 
to produce more active sites where electrophilic oxygen species can be absorbed and 
increase the propylene oxide selectivity [39]. DFT calculations also proved that Cu in 
Cu-Ag bimetallic surfaces altered the chemical and electronic properties of the surface, 
which affected the ethylene oxide formation [41]. Cu-Ag bimetallic catalysts were also 
applied for the glycerol hydrogenolysis in liquid phase [43]. A high 1,2-PDO selectivity 
of 99% with a low conversion of 21% was obtained over alumina supported Cu-Ag 
with a mole ratio of 95: 5 at 200 oC under an H2 pressure of 1.5 MPa. The maximum 
conversion of glycerol was 27% at a Cu/Ag mole ratio of 7: 3, whereas the selectivity 
to 1,2-PDO decreased to 96%. It was found that the addition of Ag to the Cu-based 
catalyst facilitates the reduction of the Cu species that generates low valence Cu species 
in situ under mild reaction conditions [43].  
In this study, the comparison of catalytic activity at a constant temperature 
clarifies the effect of Ag in the N242 catalyst (Table 2-1). The role of Ag loaded on 
N242 is to reduce the ability of Cu for the decomposition of glycerol into EG with 
sacrificing the ability of Cu for both the dehydration of glycerol and the hydrogenation 
of HA into 1,2-PDO. Since no diffraction peak attributed to Ag in the samples was 
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observed in XRD patters of Figures 2-3 and 2-4, Ag seems to be highly dispersed on 
N242. Highly dispersed Ag could work for glycerol dehydration to acetol and have 
lower decomposition ability of glycerol to EG than that of Cu. TPR results that the 
reduction peak shifts from the high temperature to low temperature side with increasing 
Ag loading (Figure 2-5) indicate the existence of the interaction between Cu and Ag. 
Our previous work elucidates that EG is formed by C-C bond cleavage of glycerol over 
Cu metal at high temperatures [15,16]. Thus, I propose that the loading of Ag in N242 
alters the chemical and electronic properties of the surface, which reduces the cracking 
ability of Cu in N242 and thus inhibits the EG formation. However, it is difficult to 
explain why the EG formation increases at high Ag loading. I speculate that high Ag 
loading results in agglomeration of Ag into large Ag particles, which could be 
ineffective for inhibiting the EG formation because of small interaction between Cu and 
Ag. Although I observed the samples using TEM, there is no significant difference in 
the morphologies observed in TEM images among the Ag-loaded and unloaded N242 
catalysts (TEM images not shown). This is probably caused by the large amount of Cu 
in the catalyst compared to 1-wt.% Ag: Ag can be solved or absorbed in Cu particles 
because Ag metal has the same crystal structure of face center cubic as Cu.  
The high Ag loading leads to an obvious increase of the HA formation 
(N242-5%Ag, Table 2-1 and Figure 2-2c). Since Ag has hydrogenation ability lower 
than that of Cu [36], it is reasonable that high Ag loading decreases the hydrogenation 
ability of the catalyst, especially, under ambient H2 pressure conditions. The 
hydrogenation of HA, as the intermediate of 1,2-PDO, cannot proceed sufficiently 
when the Ag loading is high, that results in the increase in the selectivity to HA. 
Calcination temperature also affects the catalytic property of Ag-loaded N242 
catalyst (Table 2-2). Large CuO particle is generated at high calcination temperatures, 
which agrees with the results reported by Gu et al. [44]. Large Cu particle formed from 
the reduction of CuO would not be efficient for 1,2-PDO formation because of low 
specific surface of Cu metal. Therefore, I judge that calcination temperature of 400 oC 
is suitable for the 1,2-PDO formation. 
2.5.2 Hydrogenolysis of glycerol over double-layered catalysts 
The selectivity to EG is 2.1% in the double-layered catalysts at a gradient 
temperature from 200 oC to 130 oC with an interlayer temperature of 185 oC (Entry 2 in 
Table 2-3), which is a little higher than 1.6% over N242-1%Ag in the single-layered 
catalyst at the same gradient temperature (Entry 1 in Table 2-3). The interlayer 
temperature could be still high for the inhibition of the EG formation through the 
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decomposition of glycerol. The selectivity to EG decreased to 1.7% at an interlayer 
temperature of 170 oC (Entry 3 in Table 2-3). This indicates that EG would be 
generated at high temperatures, and that the unloaded N242 decomposes much glycerol 
to EG at temperatures between 170 and 185 oC. The selectivity to HA decreased to 
0.5% at a gradient temperature from 200 oC to a low bottom temperature of 120 oC 
(Entry 4 in Table 2-3), which indicates the exothermic hydrogenation of HA to 
1,2-PDO prefers low reaction temperatures and agrees with our previous reports [15,16]. 
The conversion decreased to 99.7% and the HA selectivity increased to 1.8% at the top 
temperature of 190 oC (Entry 5 in Table 2-3). This means that the top temperature must 
be higher than 190 oC for keeping the complete glycerol conversion to HA when 
aqueous glycerol solution with the concentration of 30 wt.% was used as the reactant. 
The concentration of aqueous glycerol solution is also an important parameter in 
the glycerol hydrogenolysis into 1,2-PDO. High concentration of glycerol always leads 
to low glycerol conversion and low 1,2-PDO selectivity in liquid phase reaction [45-47]. 
The decrease in the glycerol conversion and the increase in the selectivity to 1,2-PDO 
(Entry 4 in Table 2-3) indicate that the active sites are not enough at the low gradient 
temperatures from 190 oC to 130 oC when the concentration of glycerol is 30 wt.%. In a 
low glycerol concentration of 15 wt.%, low top temperature is effective in inhibiting the 
cracking products such as EG and methanol, and the low bottom temperature is 
effective for the HA hydrogenation to 1,2-PDO, the highest 1,2-PDO yield of 98.3% 
was obtained over double-layered catalysts at a gradient temperature from 170 oC to 
105 oC (Entry 3 in Table 2-4). On the other hand, the yield of 1,2-PDO is at most 96% 
over only the unloaded N242 at the same reaction conditions (Entry 4 in Table 2-4), 
which demonstrates the superiority of the Ag-loaded Cu/Al2O3 catalyst on the 
inhibition of the EG formation.
2.6 Conclusions
Ag-loaded Cu/Al2O3 catalysts were studied for the glycerol hydrogenolysis into 
1,2-PDO. It was found that the addition of Ag onto a commercially available Cu/Al2O3
was efficient in inhibiting the EG formation via the decomposition of glycerol and thus 
increased the 1,2-PDO selectivity. The suitable Ag loading onto Cu/Al2O3 was 1 wt.%. 
The calcination temperature of the catalyst also affected the reaction: 400 oC was the 
favorable calcination temperature for the 1,2-PDO formation. The role of Ag is the 
reduction of the ability of Cu/Al2O3 for the decomposition of glycerol into EG at the 
expense of the catalytic ability of Cu for both the dehydration of glycerol and the 
hydrogenation of HA into 1,2-PDO.  
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Since the addition of Ag decreases the hydrogenation ability, the catalytic 
reaction test with double-layered catalysts, 1% Ag-containing Cu/Al2O3 loaded on the 
upper layer of catalyst bed and Cu/Al2O3 loaded on the bottom, was performed. The 
effect of the top, the interlayer, and the bottom temperatures of the catalyst bed was also 
examined. Cu/Al2O3 with 1 wt.% Ag was found to mainly inhibit the EG formation in 
the first step of glycerol dehydration to HA over the upper-layer catalyst, while the 
bottom-layer catalyst could be replaced by Cu/Al2O3 catalyst with high hydrogenation 
ability. Because the selectivity to cracking products is low at low top temperatures and 
the hydrogenation of HA prefers the low bottom temperatures, the highest 1,2-PDO 
yield of 98.3%, was obtained at ambient hydrogen pressure and a low gradient 
temperature from 170 oC to 105 oC using aqueous glycerol solution at the concentration 
of 15 wt.%. 
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Chapter 3 Catalytic dehydration of 1,2-propanediol into propanal over 
Ag-modified silica-alumina 
3.1 Abstract  
Vapor-phase catalytic dehydration of 1,2-propanediol was investigated over 
several solid acid catalysts, such as alumina, silica-alumina, HY zeolite, and beta zeolite. 
These acids catalyzed the dehydration of 1,2-propanediol to produce propanal, while 
zeolites were particularly deactivated because of deposition of carbonaceous species. An 
amorphous silica-alumina was modified with metals such as Ag and Cu to stabilize the 
catalytic activity under hydrogen flow conditions. Ag-modified silica-alumina is a 
promising catalyst for the production of propanal from 1,2-propanediol. 
3.2 Introduction 
In order to reduce damage to the environment, renewable biomasses have to be 
used as one of the alternatives to fossil resources. Glycerol has been a well-known 
renewable chemical resource, and its practical application has increased considerably in 
the last decade because of its inevitable formation as a by-product of biodiesel 
production [1]. Catalytic conversion of renewable biomass into valuable chemicals is 
expected to reduce damage to the environment. Glycerol can be selectively dehydrated 
to produce hydroxyacetone over copper [2,3] and silver metals [4], and hydroxyacetone 
can be readily hydrogenated into 1,2-propanediol (1,2-PDO) in a hydrogen flow [5,6]. 
On the other hand, over acidic catalysts, glycerol is dehydrated to produce dominantly 
acrolein [7].
Silica-supported heteropoly acids such as silicotungstic acid (H4SiW12O40) 
show excellent catalytic activity for the dehydration of glycerol to produce acrolein [8]. 
Since the acidic catalysts can preferentially remove a secondary OH group of glycerol, 
it is expected that propanal can be formed from 1,2-propanediol over acidic catalysts. 
Actually, a silica-supported phosphotungstic acid (H3PW12O40) shows catalytic activity 
for the dehydration of 1,2-proanediol into propanal, together with the formation of the 
corresponding dioxolanes [9]. Unfortunately, only a few examples have been presented 
for the production of propanal from 1,2-propanediol [9-12].
  
Figure 3-1 Dehydration of 1,2-propanediol to propanal 
OH
OH
O
-H
2
O
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It has been found that silicotungstic acid (H4SiW12O40) was an active catalyst 
for the formation of propanal from 1,2-PDO [11]. In particular, silica-supported 
silicotungstic acid showed the highest catalytic activity in the formation of propanal. At 
low conversions, however, the produced propanal reacted with another 1,2-propanediol 
to produce cyclic acetal (2-ethyl-4-methyl-1,3-dioxolane, DOXL). Such acetal 
formation reduced the selectivity to propanal. Although the propanal selectivity higher 
than 93 mol% was attained at 1,2-PDO conversion of 100% at 200 
o
C under the 
optimum reaction conditions, the catalytic conversion was gradually deactivated with 
time on stream. In a similar way, higher than 90 mol% of selectivity to propanal with a 
complete conversion was also obtained over zeolite catalysts, such as ZSM-23, at 300 
o
C, whereas all of the catalysts deactivated in an initial stage of the reaction [12].
There is an important issue on the catalytic conversion under the flow 
conditions: deterioration of acidic catalysts is a serious problem in the practical usage. 
The stability of catalyst is highly required in an industrial process. In our group, an 
effective operation on the stabilization of catalytic activity of acidic catalysts was 
reported [13,14]. Vapor-phase dehydration of tetrahydrofurfuryl alcohol (THFA) into 
3,4-2H-dihydropyran (DHP) can be catalyzed by acidic alumina [13]: the conversion of 
THFA over alumina is seriously deteriorated in nitrogen at 300 
o
C irrespective of its 
high initial activity. Alumina modified with Cu exhibits stable catalytic activity with 
high selectivity to DHP under hydrogen flow conditions. Prior to the reaction, CuO was 
reduced to metallic Cu, which works as a product remover together with hydrogen to 
prevent coke formation. In the vapor-phase dehydration of pinacolone to 
2,3-dimethyl-1,3-butadiene over modified alumina catalysts at 425 
o
C, Co/Al2O3 was 
also found to stabilize the conversion of pinacolone to produce 
2,3-dimethyl-1,3-butadiene selectively under hydrogen flow conditions [14]. In this 
chapter, I investigated the catalytic behavior of commercial solid acids modified by 
several metals in the dehydration of 1,2-PDO. I also demonstrated efficient stabilization 
of the catalytic activity of amorphous silica-alumina by the modification of silver metal. 
3.3 Experimental 
3.3.1 Sample preparation 
Metal nitrate was purchased from Wako Pure Chemical Industries Ltd. Alumina 
(DC-2282) was applied by Dia Catalyst. Silica-alumina (N632HN, Al2O3= 25 wt.%) 
was purchased from Nikki Chemical Co., Ltd. HY zeolite (Si/Al= 6.3) and beta zeolite 
(Si/Al= 31.9) were purchased from Catalysts & Chemicals Industries Co., Ltd. 
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 Supported catalysts are prepared by incipient wetness impregnation method 
using a solution with a prescribed amount of metal nitrate dissolved in distilled water. 
The weight percentages of metal in the support are calculated by the weight of CuO, 
Co3O4 and metal Ag after calcination. In an example, 0.126 g AgNO3 was dissolved in 
15 ml water for preparing 2 wt.% Ag-loaded silica-alumina catalyst. The solution with 
an amount of ca. 0.3 ml was dropped onto 4 g silica-alumina support in a time, and the 
water was evaporated at ambient pressure and 70 
o
C by being illuminated by 350-W 
electric light bulb. After the sample has been dried, the procedure was repeated until all 
the solution was consumed. After the impregnation process, the samples were dried at 
110 
o
C for 12 h, then calciend at 500 
o
C for 3 h. 
3.3.2 Catalytic reaction 
The catalytic reaction was performed in a fixed-bed down-flow glass reactor 
(Figure 2-1) with an inner diameter of 17 mm at 300 
o
C at ambient atmosphere. After 
the catalyst bed temperature was maintained at 300 
o
C for 1 h in H2 or N2 flow, pure 
1,2-PDO was fed through the top of the reactor at a feed rate of 3.9 cm
-3
 h
-1
. The liquid 
products recovered at -78 °C every hour were analyzed on a gas chromatograph 
connected to a hydrogen flame ionization detector (FID-GC, Shimadzu GC-8A) using a 
30-m capillary column of TC-WAX (GL Science). Identification of products was 
operated on a gas chromatograph mass spectrometer (GCMS-QP5050A, Shimadzu, 
Japan), the analysis conditions are same with those shown in Chapter 2. The conversion 
and selectivity were calculated as follows.
The details of the catalytic reaction are as follows. 
 Reactant:    1,2-Propanediol 
 Catalyst weight:   0.3 g 
Feeding rate:     3.9 cm
3
 h
-1
Carrier gas:     H2 or N2
Carrier gas flow rate:    30-120 cm
3
 min
-1
Reaction temperature:    200-400 °C 
Reaction time:     5 h 
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Pretreatment:     Reaction temperature for 1 h 
Trap:      Acetone-dry ice (-78 °C) 
3.3.3 Analysis of recovered liquid
0.1 µL of trapped liquid was injected into gas chromatography (GC-8A, 
Shimadu) equipped with Flame Ionization Detector (FID-GC). The analysis conditions 
are as follows. 
Column:     DB-WAX (GL science) 
Column length:    30 m 
Column internal diameter:   0.53 mm 
Column temperature program:    
60 
o
C        200 
o
C 
Carrier gas:     N2 (Chiba Nissan Co. Ltd.) 
Injection temperature:    230 °C 
Detection temperature:    230 °C 
3.3.4 Characterization of catalysts 
The specific surface area of the catalysts was calculated with the BET method 
using the N2 isotherm at -196 
o
C. The TPD of adsorbed NH3 was measured by 
neutralization titration using an electric conductivity cell immersed in an aqueous 
solution of H2SO4 to estimate acidity of the catalysts, as has been described in the TPD 
experiment of adsorbed NH3 [15]. A sample (ca. 100 mg) was preheated in a quartz tube 
at 150 
o
C for 1 h under a reduced pressure of 1.3 Pa. NH3 vapor with 13 KPa was 
introduced to the sample at 100 
o
C for 1 h, and then evacuated at 100 
o
C for 1 h to 
remove the physisorbed NH3 on the catalyst. After no NH3 had been observed in N2
flow, the sample was heated from 100 to 850 
o
C at a heating rate of 10 
o
C min
−1
 under 
N2 flow of 74 ml min
−1
. The desorbed NH3, together with N2 gas, was bubbled into an 
electric conductivity cell containing a 0.5 mmol dm
−3
 H2SO4 solution (50 cm
3
). The 
amount of desorbed NH3 was monitored by the change in the conductivity of the 
solution. A cumulative amount of desorbed NH3 was obtained as a function of the 
desorbed temperature and then differentiated to give a TPD profile as an acid strength 
distribution. 
(10 
o
C min
-1
) 
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3.4 Results and discussion 
3.4.1 Dehydration of 1,2-PDO over various acid calalysts  
Table 3-1 shows the reaction results over AL, SA, HY, and BEA catalysts, and 
the changes in conversion and selectivity over the catalysts with time on stream are 
shown in Figure 3-2. Propanal was the main product and the main by-products were 
DOXL, 2,5-dimethyl-1,4-dioxane (DMDO), and acetol. 2-Propen-1-ol, propionic acid 
and 2-ethyl-2-butenal were also generated by small amounts. AL showed stable 
conversion of 1,2-PDO and the selectivity to propanal, whereas the selectivity to 
propanal was low. The conversion of 1,2-PDO was stable over SA and the initial 
selectivity to propanal, which decreases with time on stream, was high in an atmosphere 
of both H2 and N2. Both the conversion of 1,2-PDO and the selectivity to propanal 
decreased steeply with time on stream over HY and BEA. Figure 3-3 shows the 
NH3-TPD profiles of the solid acid catalysts, and Table 3-2 shows the numbers of weak, 
medium, strong acid sites, and the surface areas of the catalysts. HY and BEA show 
medium and strong acid sites larger than those of AL and SA. It has been known that 
silicotungstic acid [11] and zeolite [12], which have strong acid sites, are deactivated in 
the 1,2-PDO dehydration to propanal. Thus, the deactivation of HY and BEA must be 
affected by their strong acid property. 
Table 3-1 Dehydration of 1,2-PDO over various solid acid catalysts 
a
. 
Catalyst  Conversion 
b
   Selectivity /mol% 
b
   /%        Propanal          DOXL       DMDO       Acetol 
AL   95.2           38.0           22.1         21.3           4.7 
SA   96.0           53.1           17.8          5.9           4.4 
SA
c
   96.0           54.9           18.0          6.2           5.3 
HY   58.9           32.1           51.5          5.1           5.7 
BEA   83.6           53.7           33.9          3.7           2.5 
a 
Reaction conditions: reaction temperature, 300 
o
C; flow rate of H2, 90 cm
3 
min
-1
; feed 
rate of 1,2-PDO, 3.9 cm
3
 h
-1
; catalyst weight, 0.3 g.
 b 
Average activity in the initial 5 h. 
c 
N2
was used as the carrier gas, the flow rate of N2 is 30 cm
3 
min
-1
. 
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Figure 3-2 Changes in conversion and selectivity with time on stream 
over various solid acid catalysts. 
Reaction conditions: reaction temperature, 300 
o
C; feed rate of 1,2-PDO, 3.9 cm
-3
 h
-1
; 
catalyst weight, 0.3 g. a, b, c, d shows the results over AL, SA, YZ, BZ, respectively, at a 
H2 flow rate of 90 cm
3 
min
-1
. e shows the results over SA at a N2 flow rate of 30 cm
3 
min
-1
. 
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Figure 3-3 NH3-TPD profiles of various solid acid catalysts. 
Table 3-2 Catalysts and properties. 
Catalyst  SBET  Number of acid sites/ µmol g
-1
  /m
2
 g
-1
  Weak acid
a
   Medium acid
b
    Strong acid
c
AL  198   17     13            23 
SA  425  141    122      42 
HY  540   37    115     103 
BEA  669   99    191      44 
a
Detected from 80 
o
C to 300 
o
C. 
b
Detected from 300 
o
C to 500 
o
C.
 c
Detected from 500 
o
C 
to 730 
o
C. 
3.4.2 The effect of metals loading on acid catalysts 
For stabilizing the catalytic activity of SA, SA-supported metal catalysts were 
examined for the 1,2-PDO dehydration. Table 3-3 shows the average conversion in the 
initial 5 h. The conversion of 1,2-PDO slightly increased over metal-supported catalysts. 
SA-CuO-2 and SA-CoO-2 show almost no change in the selectivity to propanal, 
whereas SA-Ag-2 gave a higher propanal selectivity of 63.0% comparing with 53.1% 
over SA. Figure 3-4 shows the changes in the selectivity to propanal. The addition of Cu 
or Co into SA showed little effect in the 1,2-PDO dehydration into propanal, whereas 
Cu and Co are effective metals for the modification of alumina to stabilize the catalytic 
activity in the THFA dehydration to DHP [13] and the pinacolone conversion to 
2,3-dimethyl-1,3-butadiene [14], respectively. On the other hand, supported Ag catalyst 
(SA-Ag-2) was effective for stabilizing the selectivity to propanal. 
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Table 3-3 Dehydration of 1,2-PDO over metal-loaded SA catalysts 
a
. 
Catalyst      Conversion 
b
   Selectivity /% 
b
         /%      Propanal      DOXL       DMDO       Acetol 
SA  96.0       53.1      17.8          21.3         4.7 
SA-CuO-2 98.4       52.1      16.9           6.5         9.0 
SA-Ag-2 99.1       63.0      10.6           4.8         4.8 
SA-CoO-2 96.7       52.7      19.6           6.7        10.0 
a
 Reaction conditions: reaction temperature, 300 
o
C; flow rate of H2, 90 cm
3
 min
-1
; feed 
rate of 1,2-PDO, 3.9 cm
3
 h
-1
; catalyst weight, 0.3 g. 
b
 Average activity in the initial 5 h. 
Figure 3-4 Changes in the selectivity to propanal with time 
on stream over metal supported SA. 
Figure 3-5 shows the NH3-TPD profiles of metal supported SA catalysts. Table 
3-4 lists the number of weak, medium, strong acid sites as well as the specific surface 
area of the catalysts, SBET. The loading of metal affects the acid property of SA. The 
number of weak acid sites increased, whereas the number of medium and strong acid 
sites decreased over SA-Ag-2 comparing with those of SA and SA-CuO-2. A similar 
result is also reported: the loading of Cu-Ni onto alumina decreases the acid strength 
[16]. It has been known that strong acid sites lead to catalytic deactivation in 1,2-PDO 
dehydration to propanal [11,12]. SA-Ag-2 shows large number of weak acid sites and 
small numbers of medium and strong acid sites, compared with SA and SA-CuO-2. It is 
considered that the adsorption of Ag on strong acid sites decreased the number of strong 
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acid sites. Thus, the weakness of the acid sites on SA-Ag-2 could stabilize the catalytic 
activity and give a high selectivity to propanal. 
Figure 3-5 NH3-TPD profiles of metal-loaded SA catalysts 
Table 3-4 Properties of metal-loaded SA catalysts. 
Catalyst        SBET       Number of acid sites / µmol g
-1
       /m
2
 g
-1
         Weak 
a
        Medium 
b
        Strong 
c
SA  425       141  122           42 
SA-CuO-2 342       144  107           19 
SA-Ag-2 398       168   88           17 
a
 Defined as the desorption of NH3 from 80 
o
C to 300 
o
C; 
b
 from 300 
o
C to 500 
o
C; 
c
 from 
500 
o
C to 730 
o
C. 
Table 3-5 shows the effect of the loading of CuO and Ag on the catalytic 
activity of SA. The selectivity to propanal decreased with increasing the loading of CuO. 
SA-CuO-1 showed the highest propanal selectivity of 57.9% in the supported Cu 
catalysts, whereas the catalytic activity was not stable: the selectivity to propanal 
decreased with time on stream at 1,2-PDO conversion of ca. 100% (Figure 3-6). The 
selectivity to acetol increased with increasing the Cu loading because of the 
dehydrogenation ability of Cu. However, no significant change of the selectivity to 
acetol was observed over Ag-loaded SA catalysts. The suitable Ag loading onto SA is 3 
wt.% (Table 3-5).  
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Table 3-5 Effect of metal loading amounts on SA catalyst 
a
. 
Catalyst         Conversion 
b
 Selectivity/% 
b
             /% Propanal     DOXL     DMDO     Acetol 
SA-CuO-1        98.9         57.9       14.6    5.7        7.9 
SA-CuO-2        98.4         52.1       16.9    6.5        9.0 
SA-CuO-5        96.9         49.0       18.6    6.2       10.3 
SA-CuO-10       98.0         43.9       17.0    7.2       12.0 
SA-Ag-1         99.3         55.8       13.7    5.9        8.0 
SA-Ag-2         99.1         63.0       10.6    4.8        4.8 
SA-Ag-3         99.1         68.5        9.3    4.3        5.5 
SA-Ag-4         99.3         64.4       10.4    5.2        5.9 
SA-Ag-10        95.2         32.6       14.5    4.7        6.1 
a
 Reaction conditions: reaction temperature, 300 
o
C; flow rate of H2, 90 cm
3
 min
-1
; feed 
rate of 1,2-PDO, 3.9 cm
3
 h
-1
; catalyst weight, 0.3 g. 
b
 Average activity in the initial 5 h. 
Figure 3-6 Changes of the selectivity to 1-propanal with time on stream 
over different CuO loading on SA. 
Reaction conditions: reaction temperature, 300 
o
C; flow rate of H2, 90 cm
3 
min
-1
; feed rate 
of 1,2-PDO, 3.9 cm
-3
 h
-1
; catalyst weight, 0.3 g. 
SA-Ag-3 showed the highest propanal selectivity of 68.5%, and the selectivity 
to propanal was stable with the 1,2-PDO conversion of ca. 100% (Figure 3-7). The 
average selectivity to propanal over SA-Ag-3 was even higher than the initial propanal 
selectivity of 62.3% over SA. The selectivity to DOXL over SA-Ag-3 was only 9.3%, 
which was the lowest in all the reactions. Suitable Ag loading is not only effective for 
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stabilizing the catalytic activity, but also effective for inhibiting DOXL formation and 
increasing the propanal selectivity. Large Ag loading, however, decreased both the 
conversion of 1,2-PDO and the selectivity to propanal: the selectivity was only 32.6% 
over SA-Ag-10. 
Figure 3-7 Changes in the selectivity to propanal with time on stream 
over different Ag loadings on SA. 
3.4.3 The effect of carrier gas
The effect of H2 flow rate over SA-Ag-2 on the catalytic activity is summarized 
in Table 3-6. The selectivity to the products was affected by H2 flow rate, which changs 
the partial pressure of every composition. The suitable H2 flow rate for the effective 
formation of propanal is 90 cm
3 
min
-1
. Table 3-6 also shows the catalytic conversion of 
1,2-PDO in N2 flow over SA-Ag-2. Because the selectivity to propanal decreased with 
time on stream in N2 flow, the average selectivity to propanal was lower than that in H2
flow. 
It has been reported that alumina modified with Cu and Co are effective for 
exhibiting stable catalytic activity, and the added metals work as a remover of product 
from the catalyst surface together with H2 to prevent coke formation [13,14]. In this 
chapter, Ag also plays the same role of Cu and Co in the previous reports. In other 
words, I can describe that Ag together with H2 would assist the desorption of the 
products before the polymerization of the products, which leads to the coke formation, 
could proceed. 
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Table 3-6 Effect of H2 flow rate over SA-Ag-2 catalyst on the 1,2-PDO dehydration 
a
.  
Flow rate      Conversion 
b
 Selectivity/mol% 
b
/cm
3
 min
-1
        /%  Propanal     DOXL     DMDO     Acetol 
30          99.0    57.0       12.7    5.8        5.9 
60          98.4    60.4       12.2    5.0        5.5 
90          99.1    63.0       10.6    4.8        4.8 
120          97.3    51.2       19.1    5.8       10.3 
30 
c
          98.7    55.3       14.2    6.3        6.3
a
 Reaction conditions: reaction temperature, 300 
o
C; feed rate of 1,2-PDO, 3.9 cm
3
 h
-1
; 
catalyst weight, 0.3 g. 
b
 Average activity in the initial 5 h. 
c
 flow rate of N2, 30 cm
3
 min
-1
. 
3.5 Conclusion 
The vapor-phase dehydration of 1,2-PDO into propanal was performed over 
several solid acid catalysts. SA showed a high initial selectivity to propanal, but it was 
seriously deactivated with time on stream. SA-supported metal catalysts were examined 
for inhibiting the deactivation of catalytic activity. SA-supported Ag was effective for 
stabilizing the catalytic activity, a high propanal selectivity of 68.5% was obtained over 
SA-Ag-3 in H2 flow. The Ag loading decreased the numbers of medium and strong acid 
sites, while it increased the number of the weak acid sites, which are effective for 
inhibiting catalytic deactivation. Since the supported Ag catalysts were effective only in 
H2 atmosphere, Ag would play a significant role for removing the product from the 
catalyst surface together with hydrogen flow. 
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Chapter 4 Solvent free synthesis of useful chemicals from butadiene by 
Diels-Alder reaction 
4.1 Abstract 
Recent years, the production of 1,3-butadiene from bio-resources, such as 
bio-ethanol, 2,3-butanediol and 1,4-butanediol, has been attracted much attention. 
1,3-Butadiene is mainly used for producing synthetic rubbers, and also widely used as a 
starting material for the synthesis of various useful chemicals. In this section, solvent 
free synthesis of useful chemicals from bio-butadiene by Diels-Alder reaction was 
investigated. The reactivity of several conjugated dienes and the effect of reaction 
conditions were also studied. 
 Solvent-free Diels-Alder reactions were carried out by heating a mixture of a 
volatile diene, such as 1,3-butadiene, isoprene, or 2,3-dimethyl-1,3-butadiene, and a 
dienophile, such as methyl vinyl ketone, methyl acrylate, or maleic anhydrite, in a 
closed batch reactor. High yields of Diels-Alder products were obtained without using 
solvents and catalysts within a short reaction time in most of the reactions. In particular, 
several reactions of dienophiles with 1,3-butadiene, which is known as a diene with low 
reactivity because of its gaseous form, also proceeded with high yields of Diels-Alder 
products in the closed batch reactor under conditions pressured by the reactant vapor. 
Solvent-free reactions provided high yields compared to reactions in solvent since the 
reaction heat directly resulted in increasing the reaction temperature and pressure. 
Energy in the exothermic reaction was used effectively in the closed batch system under 
solvent-free conditions. 
Dimerization of 1,3-butadiene was investigated in a closed batch system under 
high pressure conditions. 4-Vinylcyclohexene was mainly produced without using any 
solvents or catalysts at temperatures of 150-215 
o
C. The conversion of 1,3-butadiene 
was significantly dependent on the temperature and pressure. 1,3-Butadiene was 
converted to 4-vinylcyclohexene at selectivity higher than 90 mol% with by-products of 
1,5-cyclooctadiene and 1,2-divinylcyclobutane. Large charges of reactant are efficient in 
achieving high conversions of 1,3-butadiene. Use of solvents, which dilute the reactant 
and absorb the reaction heat, is not favorable in the present dimerization of 
1,3-butadiene under pressured conditions. 
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4.2 Solvent-free Diels-Alder reaction in a closed batch system 
4.2.1 Introduction 
Diels-Alder [4+2] cycloaddition is one of the most powerful methods for the 
formation of the C-C bond, and has attracted much interest for the syntheses of 
six-membered unsaturated rings, which can be applied to the synthesis of complex 
pharmaceuticals and other physiologically active compounds [1,2]. Many kinds of solid 
catalysts, such as aluminum chloride [3] and tungstophosphoric acid [4], and 
homogeneous catalysts, such as ethylaluminum dichloride [5], catechol boron bromide 
[6], and ferrocenium hexafluorophosphate [6], have been demonstrated to be effective 
for Diels-Alder reaction. Heated and pressurized conditions are mostly used for 
Diels-Alder reactions, where solvents, such as dichloromethane, toluene, and ethanol, 
are usually used [7-12]. Catalysts and solvents may accelerate Diels-Alder reactions, 
while another problem accompanies: separation of the reaction products from catalysts 
and solvents is needed. 
Green sustainable chemistry has attracted much attention, and it encourages the 
design of products and processes that minimize the use and generation of hazardous 
substances. A reaction process that generates little by-products without using catalysts 
and solvents is in good harmony with the concept of green sustainable chemistry, and 
must be required in organic synthesis. Recently, solvent- and catalyst-free Diels-Alder 
reactions of in situ generated cyclopentadiene with several dienophiles under reflux 
conditions have been reported by Huertas et al. [13]. They found that relatively high 
yields of Diels-Alder products are obtained, whereas higher yields are not obtained by 
extending the reaction time since long time operation induced charred products. 
Kumamoto et al. also reported that Diels-Alder reaction of thiophene with maleic 
anhydride in the absence of solvent even proceeded faster than that of using solvents at 
an extreme high pressure of 800 MPa [14]. Such high pressures at >100 MPa are 
efficient for several Diels-Alder reactions [15], whereas it is difficult to apply for 
industrial production. 
Solvents are ordinarily used in organic reactions, while solvents have resulted 
in even worse results in the above-mentioned reports [13,14]. Therefore, it is necessary 
to reconsider the use and the effect of solvents in Diels-Alder reaction. In this section, I 
investigated the solvent- and catalyst-free Diels-Alder reaction of some typical dienes 
with several dienophiles in a batch reactor with a closed container. Changes in the 
temperature and the pressure were monitored during the reaction, and the effect of 
pressure on the reaction is discussed. 
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4.2.2 Experimental 
Commercially available reagents were purchased from Wako Pure Chemical 
Industries Ltd. or Tokyo Chemical Industries Co., Ltd. Typically, a reactant diene (31.5 
mmol) and a dienophile (30 mmol) were poured into a container made of 
polytetrafluoroethylene with a volume of 20.0 cm
3
. For example, in the reaction using 
1,3-butadiene, which was condensed in a steel cylinder and stored in a refrigerator at 
-17 °C, the condensed 1,3-butadiene was directly poured into the container from the 
cylinder. Afterwards, the container was sealed with a tapered cap made of 
polytetrafluoroethylene, set in a stainless steel jacket, and placed in an oven controlled 
at prescribed temperatures. After the prescribed period, the jacket with the container 
was cooled at 0 °C in an ice bath. 
The recovered reaction mixture was analyzed on a gas chromatograph (FID-GC, 
Shimadzu GC-14A) using a 60-m capillary column (Inertcap-1, GL Science, Japan). 
The analysis conditions are as follows. 
Column:    Inertcap-1 (GL science) 
Column length:   60 m 
Column temperature program:    
60 
o
C        250 
o
C 
Carrier gas:    He 
Injection temperature:   250 °C 
Detection temperature:  250 °C 
A gas chromatograph with a mass spectrometer (GCMS-QP-5050A, Shimadzu, 
Japan) and a 30-m capillary column (DB-WAX, Agilent Technologies, USA) was used 
for identification of the recovered compounds. 
1
H and 
13
C-NMR spectra were recorded 
on a DPX-300 spectrometer (Bruker, Germany) at 300 and 75.15 MHz, respectively, in 
CDCl3. 
The pressure during the reaction was independently measured by using a 
pressure gauge ranging from 0.1 MPa to 1.1 MPa in another pressured reactor with a 
container volume of 22.7 cm
3
. The temperature during the reaction was also 
independently monitored by a thermocouple inserted in an inner tube of another 
pressured reactor with a volume of ca. 65 cm
3
. 
Enthalpy change of reaction was calculated using Gaussian 03 [16]. The 
optimization of the modeled structure, frequency analysis of the optimized structure, 
and enthalpy calculation under experimental conditions was carried out. All the 
calculations were conducted by B3LYP/6-31g(d) integral=grid=ultrafine [17]. Enthalpy 
(10 
o
C min
-1
) 
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change was obtained without consideration of scaling factor. Depending on the 
experimental reaction conditions, temperature and pressure were set at 30 or 125 
o
C and 
0.101 MPa. 
4.2.3 Results and discussion 
4.2.3.1 Comparison of solvent-free reactions with reactions using solvent 
Table 4-1 compares the results of solvent-free reactions with those using 
solvents in Diels-Alder reactions. Toluene and dichloromethane, which are often used in 
Diels-Alder reactions [4,5,7-12], were used as solvents for comparison. I found that all 
of the solvent-free reactions provided yields higher than those using solvent, and a large 
amount of solvent reduced yields (entries 5-8 in Table 4-1). Fujita et al. investigated the 
reactions of isoprene with several dienophiles, such as methyl acrylate, methyl vinyl 
ketone, and acrolein, in a solvent such as toluene and ethanol using SiO2-Al2O3 catalyst 
under carbon dioxide-pressured conditions [18]. They reported that the conversion 
decreased with increasing CO2 pressure, and the volume of solution increased with 
increasing CO2 pressure in all the reactions. It is known that a high pressure is efficient 
for Diels-Alder reaction [19-26]. Thus, the decreased conversions must be affected by 
the decreased concentration of the reactants. In this study, the use of solvents diluted 
reactants, which must be one of the reasons for the low yields (Table 4-1). In addition, 
the use of solvents also could result in stabilizing reaction temperature, which is 
discussed later. 
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Scheme 4-1 Diels-Alder reaction of several typical dienes with dienophiles. 
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Table 4-1 Comparison of solvent-free reactions with reactions using solvent
d
Entry   Diene  Dienophile  Solvent     Temp./ 
o
C    Products    Yield/ %
e
1   a     x       None        125    ax       92.7 
2   a     x       Toluene
f
     125    ax       72.3 
3   a     x       CH2Cl2
f
     125    ax       74.3 
4   b     y       None      125    by       71.0 
5   b     y       Toluene
f
     125    by       56.2 
6   b     y       CH2Cl2
f
     125    by       46.3 
7   b     y       Toluene
g
     125    by       43.1 
8   b     y       CH2Cl2
g
     125    by       36.3 
d
 Reaction conditions: time, 2 h; Diene: Dienophile= 31.5 mmol: 30 mmol. 
e
 The GC yield 
based on the recovery of dienophile.
 f
 Solvent: 5 cm
3
. g) Solvent: 10 cm
3
. 
4.2.3.2 Diels-Alder reaction of several dienes and dienophiles without using 
solvents 
 Table 4-2 shows the yields of the Diels-Alder reactions of typical dienes with 
several kinds of dienophiles under solvent-free conditions. Most of the entries showed 
high yields of Diels-Alder products. In addition, none or very little by-products, such as 
oligomers formed by diene itself, were observed when an excess amount, 1.05 or 1.20 
equivalents, of diene was used in the entries. Small amounts of 1,3-butadiene dimers 
such as 4-vinylcyclohexene (< 3%) were formed when 1,3-butadiene (Compound a in 
Scheme 4-1) was used as a diene in a Diels-Alder reaction at 125 
o
C for 2 h (entry 1). 
When either 2,3-dimethyl-1,3-butadiene (Compound b) or isoprene (Compound c) was 
used as a diene, no dimers were observed at 125 
o
C. 
It can be understood that 1,3-butadiene is less reactive than 
2,3-dimethyl-1,3-butadiene by comparing entries 1 and 3 or entries 2 and 6 in Table 4-2. 
It has been known that a dienophile substituted with electron-withdrawing group(s) and 
a diene substituted with electron-donating group(s) exhibit a high reactivity in the 
Diels-Alder reaction [27]. The difference in the reactivity of 1,3-butadiene and 
2,3-dimethyl-1,3-butadiene can be explained by this rule.
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Table 4-2 Diels-Alder reaction of several dienes and dienophiles without using solvents  
Entry  Diene   Dienophile  Temp./ 
o
C   Reaction time/ h  Products  Yield/ %
e 
1
f
  a   x        125    2  ax   92.7 
2
f
  a   y        125    6  ay  74.7 
3
f
  b   x        125    2  bx    100 
4
f
  b   y        125    1  by 48.0 
5
f
  b   y        125    2  by 71.0 
6
f
  b   y        125    6  by 91.8 
7
f
  a   N  100    6      
N
 25.5 
8
g
  a   
OO O
  30    2     
O
O
O
95.6 
9
g
  a   
NO O
  30    2    
N
O
O
 94.1 
10
g
  b   
OO O
  30    0.5  
O
O
O
CH3
CH3 100 (95.3)
i
11
g
  c   
OO O
  30    1  
O
O
O
CH3 93.4 
12
h
  d   
OO O
  30   22  
O
O
O  28.7 
13
h
  d   
OO O
  50    1  
O
O
O   65.9 
14
h
  d   
OO O
  75    1  
O
O
O  100 (97.5)
i
Diene d is 1,3-Cyclohexadiene. 
e
 The GC yield based on the recovery of dienophile. 
f
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Diene: Dienophile= 31.5 mmol: 30 mmol. 
g
 Diene: Dienophile= 36 mmol: 30 mmol. 
h
Diene: Dienophile= 10.1 mmol: 10 mmol. 
i
 Isolated yield, where the product was 
recovered in solid. 
High yields were obtained by extending the reaction time even in the case of 
less reactive 1,3-butadiene used as a diene (entries 1 and 2 in Table 4-2). In the reaction 
of 2,3-dimethyl-1,3-butadiene with methyl vinyl ketone, the yield was 100% at 125 °C 
with a reaction time of 2 h without using any solvents or catalysts (entry 3 in Table 4-2). 
The reaction of 1,3-butadiene with acrylonitrile, however, did not proceed sufficiently, 
and gave only a yield of 25.5% at 100 °C for 6 h, while polymeric products were 
formed at 125 °C (entry 7 in Table 4-2). There are a few reports in the reaction of 
2,3-dimethyl-1,3-butadiene with methyl vinyl ketone: Rickerby et al. have reported a 
yield of 55% at 22 °C for 24 h using Ru-Lewis acid as the catalyst [28], and Meuzelaar 
et al. reported a yield of 78% at 0 °C for 5 h using H3PW12O40/ SiO2 catalyst [4]. 
4.2.3.3 The effect of reaction temperature, pressure and the concentration of the 
reactant 
Figure 4-1 shows the dependence of the reaction temperature using 1.67 
equivalents of diene. Yields of Diels-Alder products increased with increasing reaction 
temperature. It can be understood that methyl acrylate (Compound y) is less reactive 
than methyl vinyl ketone (Compound x), judging from Figure 4-1. This agrees with the 
research of Fujita et al.: they reported a conversion of ca. 26% in the reaction of 
isoprene with methyl vinyl ketone at 80 
o
C for 2 h and a conversion of ca. 12% in the 
reaction of isoprene with methyl acrylate at 80 °C for 4 h using SiO2-Al2O3 as the 
catalyst [18]. The yields of Diels-Alder products are greatly dependent on the 
temperature. Thus, an appropriate temperature is necessary for the solvent-free 
Diels-Alder reactions, especially in the reactions with less reactive dienes or 
dienophiles. 
The reaction of 2,3-dimethyl-1,3-butadiene with methyl acrylate gave a high 
yield of 88.4% using 1.67 equivalents of diene at 125 
o
C (Figure 4-1), while 71.0% 
yield was obtained at 1.05 equivalents of diene (entry 5 in Table 4-2). An excess of 
diene is effective in keeping a high concentration of diene and increasing the contact 
probability of dienophiles with dienes until the end of the reaction, which results in the 
high yield and proves the importance of reactant concentration again.
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Figure 4-1 Effect of reaction temperature. 
Reaction conditions: reaction time, 2 h; Diene: Dienophile = 50 mmol: 30 mmol; the 
reactor volume, 20.0 cm
3
. The yield is based on the recovery of dienophile.
Solid dienophiles, such as maleic anhydride and N-methylmaleimide, can be also 
applied for the solvent-free reaction. Maleic anhydride and N-methylmaleimide are very 
reactive: they reacted with all the dienes even at low temperatures (entries 8-11 in Table 4-2). 
The reaction of 2,3-dimethyl-1,3-butadiene with maleic anhydride gave a yield of 100% at 
30
o
C for only 0.5 h (entry 10 in Table 4-2). In the reaction of 1,3-cyclohexadiene with 
maleic anhydride, the yield was 65.9% and 100% at 50
o
C and 75
o
C, respectively, for 1 h 
(entries 13 and 14 in Table 4-2). Since the products generated at 50
o
C and 75
o
C gave the 
same 
1
H- and 
13
C-NMR spectra as those of endo-Bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic 
anhydride [29], it was confirmed that the endo isomer was selectively generated under those 
conditions. The solid products were generated in situ in the solvent-free condition. It is 
known that Diels-Alder reaction is an exothermic reaction, thus the reaction heat must affect 
to the temperature during the reaction. 
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Figure 4-2 Changes in (a) temperature and (b) pressure with reaction time in the 
reaction of 1,3-butadiene with maleic anhydride. 
Reaction conditions: temperature, 30
 o
C; Diene: Dienophile = 108 mmol: 90 mmol; the 
reactor volume, 65 cm
3
. 
I measured the temperatures and pressures during the reaction in the reaction of 
1,3-butadiene with maleic anhydride (Figure 4-2) and of 2,3-diemthyl-1,3-butadiene 
with maleic anhydride (Figure 4-3) in a oven controlled at 30 °C. In the reaction of 
1,3-butadiene with maleic anhydride, the maximum temperature and pressure were 
observed at ca. 130 min (Figure 4-2), and they were 38 °C and 0.36 MPa, respectively. 
After that both the temperature and the pressure decreased with the reaction time until 
the end of the reaction. The monitored temperature was higher than the set temperature, 
and this would be caused by the absorption of the reaction heat. In the reaction of 
2,3-diemthyl-1,3-butadiene with maleic anhydride at ca. 10 min, the temperature steeply 
increased from 29 °C to 194 °C within 1 min (Figure 4-3). The change in pressure 
showed a similar trend with that of temperature with a maximum pressure of 0.2 MPa. It 
can be recognized that the reaction proceeds fast under solvent-free conditions, and that 
the reaction heat accumulated within a short time accelerates the reaction, which results 
in the steep increase of temperature. In the fast reaction with steep increase of 
temperature, it is noticed that thermal runaway needs to be controlled by a heat absorber 
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such as solvent. Although I was able to control the thermal runaway, I recorded Figure 
4-3 in order to note the thermal runaway. 
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Figure 4-3 Changes in (a) temperature and (b) pressure with reaction time in the 
reaction of 2,3-dimethyl-1,3-butadiene with maleic anhydride. 
Reaction conditions: temperature, 30
 o
C; Diene: Dienophile = 72 mmol: 60 mmol; the 
reactor volume, 65 cm
3
. 
Recently, Parsons and Dragojlovic have reported a steep increase of 
temperature in the solvent-free reaction of (2E,4E)-2,4-hexadien-1-ol with solid maleic 
anhydride (mp 52.6 
o
C) in a flask [30]. I calculated the enthalpy change of several 
reactions, as shown in Table 4-3. The enthalpy change of reactions of maleic anhydride 
used as the dienophile is negative, i.e. exothermic, whereas it is as large as those of 
methyl vinyl ketone and of methyl acrylate. Assuming that the heat generated for a 
minute is used only to heat the reaction mixture of ca. 6 g under the conditions of entry 
10 of Table 4-2, and that specific heat of reactants is 2.1 kJ kg
-1 o
C
-1
, the calculated heat 
of ca. -150 kJ mol
-1
 is estimated to be a rise in temperature by 356 
o
C. Actually, the 
temperature rose to 194 
o
C during the reaction (Figure 4-3), while a part of the 
generated heat was removed through the reactor wall. In contrast, heat of dissolution of 
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maleic anhydride was endothermic: temperature was decreased from 20 
o
C to 10 
o
C in 3 
min when 30 mmol maleic anhydride was dissolved in 5 cm
3
 acetone. The endothermic 
heat of dissolution is estimated to be at most 5 kJ mol
-1
. In addition, maleic anhydride 
did not dissolve in 1-octene even at 105 
o
C, while it melted to form two liquid phases at 
60 
o
C. Since the heat of dissolution of maleic anhydride in 2,3-dimethyl-1,3-butadiene 
could be endothermic, it is reasonable that the exothermic heat of reaction provides heat 
to dissolve maleic anhydride. When temperature increased by the heat of reaction 
accumulated in the solid reactant exceeds the temperature with a negative change in 
Gibbs free energy of mixing, the reaction proceeds instantaneously. Thus, in the 
reaction of maleic anhydride with 2,3-dimethyl-1,3-butadiene, the steep increase in 
temperature must be caused by the rapid generation of reaction heat in a short time 
because of high reactivity of maleic anhydride and 2,3-dimethyl-1,3-butadiene. 
Table 4-3 Enthalpy change of reaction, ∆HR, caculated by density functional theory. 
Diene    Dienophile  ∆HR / kJ mol
-1
       30 
o
C 125 
o
C 
1,3-Butadiene   Methyl vinyl ketone -149.8 -150.1 
Methyl aclylate   -163.2 -163.4 
Maleic anhydride -149.2 -149.2 
2,3-Dimethyl-1,3-butadiene Methyl vinyl ketone -148.1 -149.0 
    Methyl aclylate  -156.6 -157.5 
    Maleic anhydride -152.7 -153.3 
It should be noted that solvent-free conditions are often dangerous for a highly 
reactive diene and dienophile, such as 2,3-dimethyl-1,3-butadiene and maleic anhydride, 
respectively, and that much attention must be paid to the steep increase of reaction 
temperature. As already pointed out by Parsons and Dragojlovic [30], caution should be 
paid in an excessive heat generated using a solid reactant, especially in a large scale 
solvent-free reaction. 
Judging from the results in Figure 4-1 and Table 4-2, the reactivity order is 
summarized as follows: 2,3-dimethyl-1,3-butadiene > isoprene > 1,3-butadiene in 
dienes; maleic anhydrite > methyl vinyl ketone > methyl acrylate in dienophiles. An 
appropriate reaction temperature depends on the combination of reactants with different 
reactivity (Figure 4-1) because the reaction rate is governed by the combination. In the 
closed batch system, on the other hand, the pressure generated by the reactant vapor is 
effective in achieving high yield of Diels-Alder product in the molecule 
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number-reduced reaction. Further discussion on the effect of pressure is conducted in 
the following section. 
4.2.3.4 The effect the amount of charged reactants 
Figure 4-4 shows the effect of the amount of charged reactants on the yield of 
Diels-Alder product. The yield increased with increasing amount of charged reactant in 
the reaction of 2,3-dimethyl-1,3-butadiene with methyl acrylate and of 1,3-butadiene 
with methyl vinyl ketone. Large amount of charged reactant is effective in obtaining 
high yields.  
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Figure 4-4 Effect of the charged amount of reactants. 
Reaction conditions: temperature, 125 
o
C; time, 2 h; diene/ dienophile molar ratio, 1.05; 
the reactor volume, 20.0 cm
3
.  
To realize the effect of charged amount, the pressure was measured along with 
the reaction time in the reaction of 1,3-butadiene with methyl vinyl ketone at different 
charged amounts (Figure 4-5). For the reaction with 30 mmol dienophile, the maximum 
pressure reached ca. 0.70 MPa at 50 min. After reaching the maximum pressure, the 
pressure was decreased with the reaction time, which indicates that the product with 
lower vapor pressure is generated as the reaction proceeded. The reaction with 15 mmol 
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dienophile gave a maximum pressure of 0.45 MPa. Judging from Figures 4-4 and 4-5, it 
is reasonable that the reaction with large amount of charged reactant results in high 
pressures. It should be noted that the pressure generated by the reactant vapor in a 
closed system is effective in achieving high yield of Diels-Alder product in the 
molecule number-reduced reaction. 
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Figure 4-5 Changes in the pressure with reaction time during the reaction of 
1,3-butadiene with methyl vinyl ketone at 125
 o
C. 
Molar quantity of dienophile was (a) 30 mmol, (b) 15 mmol, and (c) 30 mmol + 5 cm
3
 of 
toluene; the reactor volume, 22.7 cm
3
; diene/ dienophile molar ratio, 1.05. 
Figure 4-6 shows the changes in reaction temperature with reaction time in 
conditions similar to those of Figure 4-5. The temperature increased from 30 
o
C to 
140 °C in the initial ca. 40 min in the reaction of 1,3-butadiene with 60 mmol methyl 
vinyl ketone at a set temperature of 125 °C (Figure 4-6a). After 40 min, the temperature 
decreased to 125 
o
C. However, no significant increase of temperature was observed in a 
small scale reaction with 30 mmol of charged dienophile (Figure 4-6b). Thus, I consider 
that large amount of charged reactants generates large reaction heat, which results in the 
increase of both the temperature and the pressure, and that either high temperature or 
high pressure could accelerate the reaction rate. In the reaction using solvent, the 
pressure during the reaction was lower than that of solvent-free reaction (Figure 4-5c), 
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and no significant increase in temperature was observed: the maximum temperature was 
128 °C (Figure 4-6c). It is reasonable that the reaction heat was absorbed by the solvent, 
which does not lead to increase in temperature and pressure that cause the high yields. 
In addition, it is preferable that the closed system confines a gaseous reactant such as 
1,3-butanediene in the reactor. 
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Figure 4-6 Changes in the temperature with reaction time during the reaction of 
1,3-butadiene with methyl vinyl ketone at 125
 o
C. 
Molar quantity of dienophile was (a) 60 mmol, (b) 30 mmol, and (c) 60 mmol + 10 cm
3
toluene; the reactor volume, 65 cm
3
; diene/ dienophile molar ratio, 1.05. 
As mentioned above, there is a problem with the control of reaction heat in 
reactions which generate large exothermic heat. When the reaction rate is high, the 
reaction heat generates quickly. In a slow reaction that heat generates gradually, the 
reaction temperature can be controlled through heat transfer. In a fast reaction that the 
heat generates quickly, the use of solvent is effective in absorbing the reaction heat. In 
addition, an excess of diene or dienophile can be regarded as a solvent to absorb the 
reaction heat. Since the excess of diene or dienophile can provide high concentration of 
reactants, this would be effective in achieving high yields. Moreover, such pressured 
conditions are readily achieved only by controlling the charged amount and the 
temperature in the closed batch reactor. 
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4.2.4 Conclusion 
Diels-Alder reactions of several dienes, such as 1,3-butadiene, isoprene and 
2,3-dimethyl-1,3-butadiene, with several kinds of dienophiles such as methyl vinyl 
ketone, methyl acrylate and maleic anhydride, were investigated in a closed batch 
reactor under pressured conditions without using any catalysts or solvents. 
It was found that most of the reactions proceeded fast under such pressured 
conditions even at an equimolar ratio of diene to dienophile. The solvent-free reactions 
proceeded faster than the reactions in solvent: solvent-free conditions realize high 
temperature, pressure and concentration of reactants. It is probable that high 
concentration of reactants, appropriate temperatures and pressured conditions are 
important for preparing a Diels-Alder product. In addition, it would be the most 
beneficial that solvent-free Diels-Alder reaction in a closed system is convenient for 
keeping high concentration of reactants, and a solvent-free system has no problems with 
separating the products from the solvents, which is friendly to the environment.
The reactivity order of the reactants is as follows: 2,3-dimethyl-1,3-butadiene > 
isoprene > 1,3-butadiene in dienes; maleic anhydrite > methyl vinyl ketone > methyl 
acrylate in dienophiles. Combination of the reactants with different reactivity governs 
the reaction rate and the reaction temperature. 
4.3 Liquid-phase cyclodimerization of 1,3-butadiene in a closed batch system 
4.3.1 Introduction 
Dimerization and polymerization of typical conjugated dienes, such as 
1,3-butadiene, have been investigated for more than 50 years. 1,3-Butadiene is an 
important industrial chemical used as a monomer in the production of synthetic rubber. 
Many products, which contain cyclic products, linear chain oligomers, and polymers, 
can be produced by the dimerization, trimerization, and polymerization of 1,3-butadiene. 
4-Vinylcyclohexene (VCH), which is an intermediate in an industrially important 
styrene [31-33], can be produced by Diels-Alder reaction of 1,3-butadiene. Different 
reaction conditions always gave different products. The photochemical cycloaddition of 
1,3-butadiene mainly generates four-membered ring products such as 
1,2-divinylcyclobutane (DVCB) [34,35]. Under very high pressure conditions, reaction 
of 1,3-butadiene has been studied at room temperature, with VCH produced from 
1,3-butadiene as an only liquid product at 700 MPa [36]. A variety of homogeneous 
catalysts have also been investigated in the reaction. Fe catalysts are favorable for the 
formation of VCH from 1,3-butadiene [37,38]. Nickel catalysts are favorable for the 
formation of eight-membered ring products such as cyclooctadienes depending on the 
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kinds and the amount of the ligands used [39], while palladium catalysts are favorable 
for the formation of linear chain products [40]. 
It is known that Diels-Alder reactions are accelerated under pressurized 
conditions [14,18,23,24,39,41,42]. Rao et al. investigated the reaction of 
3-methylsulfanylfuran and 3-phenylsulfanylfuran with various cycloalkenones under 
pressurized conditions, and almost all the reactions proceeded at 50 
o
C under a pressure 
of 1.1 to 1.5 GPa [24]. Intermolecular Diels-Alder reactions of methyl 
2-methyl-5-vinyl-3-furoate with various dienophiles under high pressure were 
investigated by Drew et al [9]. The yields were higher than 90% at 1.9 GPa, 25 
o
C for 1 
day when maleic anhydride or N-methyl maleiamide was used as the dienophile in the 
reaction. Hetero Diels-Alder reactions, such as the reaction of 
2,3-dimethyl-1,3-butadiene with perfluorooctanonitrile, also proceed at 50 °C and 150 
MPa without using solvents and catalysts [42]. However, there are few studies on 
Diels-Alder reactions of conjugated dienes themselves under pressure at high 
temperature. I have studied solvent-free Diels-Alder reactions in a closed bath system, 
and the details are described in 4-2 of Chapter 4. Typical dienes, such as 1,3-butadiene, 
2,3-dimethyl-1,3-butadiene, and isoprene, were used in the reactions and high yields of 
Diels-Alder products were obtained within short reaction time under solvent-free 
conditions. The use of solvent, which dilutes the reactants and absorbs the reaction heat, 
was found inefficient in achieving high conversions. In the reaction of 1,3-butadiene 
with methyl vinyl ketone at 125 
o
C, a small amount of VCH was generated as a 
by-product. Thus, at much higher temperatures, the possibility that VCH will selectively 
be produced under pressured conditions attracted our interests. I preliminarily found 
that Diels-Alder reaction of conjugated dienes themselves proceeded under pressure at 
200 
o
C. In this section, I investigated the reaction behavior of 1,3-butadiene under 
pressure at high temperatures and discussed the optimum reaction conditions for 
yielding VCH. 
4.3.2 Experimental 
1,3-Butadiene was purchased from Tokyo Chemical Industries Co., Ltd., and 
THF and cyclohexane were purchased from Wako Pure Chemical Industries Ltd. The 
dimerization of 1,3-butadiene was performed in a pressure vessel made of 
polytetrafluoroethylene with a volume of 20 cm
3
. A prescribed amount of reactant diene 
was poured into the vessel. Residual space in the vessel contained ambient air. The 
vessel with reactant diene was set in a stainless steel jacket and placed in an oven 
controlled at 200 °C. After 2 h, the vessel was cooled at 0 °C in ice bath. The recovered 
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reaction mixture was diluted with n-decane and analyzed on a gas chromatograph 
(FID-GC, Shimadzu GC-14A) using a 60-m capillary column (Inertcap-1, GL Science, 
Japan). The temperature program for analyzing the products of 1,3-butadiene was: 
60 °C to 250 °C at a heating rate of 10 °C min
-1
. The details of analysis conditions are 
the same as described in 4.2.2. A gas chromatograph with a mass spectrometer 
(GCMS-QP-5050A, Shimadzu, Japan) and a 30-m capillary column (DB-WAX, Agilent 
Technologies, USA) was used for identification of recovered compounds. The pressure 
was independently measured by using another vessel with a volume of 22.7 cm
3
 and 
with a pressure gauge ranging from 0.1 MPa to 6.1 MPa. The volume of 1,3-butadiene 
was calculated from weight of liquid 1,3-butadiene poured into the vessel divided by the 
density of 0.64 g cm
-3
 at -6 
o
C. 
Enthalpy change of reaction was calculated using B3LYP/6-31g(d) of Gaussian 
03 [16,17], which is based on density functional theory. The calculation was done 
without consideration of scaling factor. Depending on the experimental reaction 
conditions, temperature was set at 200 
o
C and a pressure of 4 MPa. 
4.3.3 Reaction results of 1,3-butadiene dimerization 
Table 4-4 shows the effect of reaction temperature in the reaction of 
1,3-butadiene, and Figure 4-7 shows the main products. Three cyclic dimers were the 
main products. Catalysts and solvents were not used during the reaction. Since the 
vessel made of polytetrafluoroethylene begins to deteriorate at about 230 °C, the 
reaction was conducted at temperatures up to 215 °C. The conversion of 1,3-butadiene 
increased with increasing temperature. The selectivity to VCH, which was the only 
product generated through Diels-Alder reaction, was high and even exceeded 90% at 
200 °C. The reaction proceeded with difficulty at temperatures lower than 150 °C: the 
conversion was 36.6% at 125 
o
C for 40 h. The selectivity to 1,5-cyclooctadiene (COD) 
increased with increasing temperature while the selectivity to 1,2-divinylcyclobutane 
(DVCB) decreased. DVCB was not detected in the reaction at 215 °C for 2 h. Asmall 
amount, lower than 0.03 g per 5.5 g of reactant, of polymer was observed at 
temperatures higher than 200 
o
C. 
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1,3-butadiene (VCH) (COD) (DVCB)
4-vinyl-1-cyclohexene 1,5-cyclooctadiene 1,2-divinylcyclobutane
Pressure
Figure 4-7 Main products derived in the dimerization of 1,3-butadiene.
Table 4-4 Closed batch reaction of 1,3-butadiene at different temperatures 
a
Temperature Conversion Selectivity /mol% 
/
o
C  /%   VCH    COD DVCB  Others 
215  75.3  88.8     7.7    0   3.6 
200  64.5  90.6     6.5   0.7   2.2 
175  48.0  82.2     3.8   4.9   9.1 
150
b
  43.5  81.5     2.4   5.3  10.7 
125
c
  36.6  83.7     2.1   6.3   7.9 
a
 The volume of the reaction vessel is 20 cm
3
. Reaction conditions: 1,3-butadiene charge, 
5.5 g; reaction time, 2 h. 
b
 Reaction time, 6 h. 
c
 Reaction time, 40 h. 
Table 4-5 shows the effect of reaction time at 175 and 200 °C. The conversion 
of 1,3-butadiene increased with increasing the reaction time. Selectivity to VCH was 
almost constant irrespective of the reaction time, while the selectivity to COD tended to 
increase with increasing reaction time, and the selectivity to DVCB tended to decrease. 
Table 4-5 Change in the reaction of 1,3-butadiene with reaction time 
a
Temperature Reaction time Conversion Selectivity /mol% 
/
o
C  /h  /%  VCH  COD   DVCB  Others 
175  2  48.0  82.0   3.8   4.9    9.1 
  4  64.3  89.3   4.9   3.2    2.6 
  6  68.3  90.2   4.8   2.1    2.9 
200  2  64.5  90.6   6.5   0.7    2.2 
  4  72.9  90.5   6.6   0.0    2.8 
  6  75.1  91.2   6.1   0.0    2.7 
a
 Reaction conditions: 1,3-butadiene charge, 5.5 g. 
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Table 4-6 Effect of charge of 1,3-butadiene at 200 
o
C 
a
1,3-Butadiene Conversion Selectivity /mol% 
/g  /%  VCH    COD DVCB  Others 
1.1 21.5  87.3    5.4   1.7   5.5 
1.7  23.2  90.8    5.6   2.5   1.1 
3.0  56.6  90.6    5.8   2.0   1.6 
5.5  64.5  90.6    6.5   0.7   2.2 
8.0  73.3  90.0    7.3   0.1   2.5 
a
 Reaction conditions: reaction time, 2 h. 
 Table 4-6 shows the effect of the charge of 1,3-butadiene at 200 °C. The 
conversion of 1,3-butadiene was low at amounts less than 1.7 g in a vessel with a 
volume of 20 cm
3
, while it steeply increased with increasing the charge of 1,3-butadiene 
to more than 3.0 g. The conversion increased to 73.3% at a charge of 8 g. The selectivity 
to VCH was nearly unchanged while the selectivity to COD increased with increasing 
the charge of 1,3-butadiene and the selectivity to DVCB decreased. 
Table 4-7 Effect of solvent in the closed batch reaction of 1,3-butadiene at 200 
o
C 
a
1,3-Butadiene Solvent  Time Conv. Selectivity /mol%
 /cm
3
  /cm
3
  /h      /% VCH   COD   DVCB   Others 
4.7 (3.0 g) 0   1 26.4 90.3    4.7      4.0    1.0 
4.7 (3.0 g) 3.9 (THF)  1     19.8 90.5    5.1      3.2    1.3 
8.6 (5.5 g) 0   2 64.5 90.6    6.5      0.7    2.2 
4.7 (3.0 g) 0   2 56.6 90.6    5.8      2.0    1.6 
4.7 (3.0 g) 3.9 (THF)  2     54.1 93.0    5.2      1.3    0.6 
 4.7 (3.0 g) 3.9 (cyclohexane) 2 54.9 92.0    5.6      1.3    1.1 
12.5 (8.0 g) 0   2 73.3 90.0    7.3      0.1    2.5
4.7 (3.0 g) 7.8 (THF)  2 52.9 91.3    5.7      1.3    1.7 
a
 The volume of the reaction vessel is 20 cm
3
. 
 Table 4-7 shows the effect of solvents in the closed batch reaction of 
1,3-butadiene at 200 
o
C. THF and cyclohexane were used as polar and non-polar 
solvents, respectively. For 4.7 cm
3
 of 1,3-butadiene without using solvent, the 
conversion was 26.4% for 1 h, which was higher than that of 19.8% with THF solvent. 
However, the conversion without using solvent was 56.6% for 2 h, which was slightly 
higher than those with THF and cyclohexane solvents. When 3.9 cm
3
 of THF and 
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cyclohexane was added to 4.7 cm
3
 of 1,3-butadiene at 200 
o
C for 2 h, the conversion 
was 54.1% and 54.9%, respectively. In contrast, the solvent-free reaction showed a 
higher conversion of 64.5% at the 1,3-butadiene charge volume of 8.6 cm
3
 (Entry 3). In 
the same void space of the reactor, this clearly indicates that solvents decrease the 
reaction rate. The conversion was 73.3% at a charge of 12.5 cm
3
 1,3-butadiene at 200 
o
C 
(Entry 7), which was much higher than that of 52.9% in THF at the same reactant 
volume. Namely, small reactor void space increases the conversion. 
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Figure 4-8 Changes of pressure with reaction time at different temperatures in the 
reaction of 1,3-butadiene 
Reaction conditions: 1,3-Butadiene charge, 5.5 g; reaction temperature: a, 125 
o
C; b, 150 
o
C; c, 175 
o
C; d, 200 
o
C. 
 The pressures were measured in the reaction of 1,3-butadiene at different 
temperatures. Figure 4-8 shows the changes of the pressures with the reaction time. The 
maximum pressure of 2.20 MPa was observed after 80 min from the start of the reaction 
and remained almost unchanged with the reaction time at 125 °C. It required 80, 70 and 
50 min to reach the maximum pressures at 150, 175, and 200 °C, respectively, and after 
that the pressure decreased with the reaction time. The maximum pressure observed was 
4.78, 4.16, 3.35 and 2.20 MPa at 200, 175, 150 and 125 °C, respectively. The pressure at 
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6 h was 2.32, 1.40 and 1.98 MPa at 150, 175 and 200 °C, corresponding with the 
conversion of 1,3-butadiene at 43.5, 68.3 and 75.1%, respectively. 
 The pressure during the reaction time at different charges of 1,3-butadiene was 
measured at 175 °C (Figure 4-9). The maximum pressure of 4.16 MPa was observed at 
ca. 70 min at a charge of 5.5 g (Figure 4-9 c). The maximum pressure of 4.20 MPa was 
observed at ca. 55 min at a charge of 8.0 g (Figure 4-9 b), and the decrease of pressure 
was faster than that at a charge of 5.5 g. For the reaction in THF solvent (Figure 4-9 a), 
the maximum pressure was 2.78 MPa at ca. 70 min, and the decrease of pressure was 
slower than that without solvent. 
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Figure 4-9 Changes of pressure with reaction time at different charges in the reaction of 
1,3-butadiene 
Reaction temperature, 175 
o
C. 1,3-Butadiene charge was 5.5 g (a), 8.0 g (b), and 5.5 g (c); 
3.9 cm
3
 of THF was used as solvent in (a). 
4.3.4 Discussion 
4.3.4.1 Effect of reaction temperature and pressure
Since the dienes have vapor pressures higher than those of the dimers produced 
at the same temperature, the pressure decreases as the reaction proceeds. The changes in 
pressures measured in the reaction of 1,3-butadiene at different temperatures are shown 
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in Figure 4-8. For the reaction at 125 °C, it took ca. 80 min to reach the maximum 
pressure, which indicates that the reaction of 1,3-butadiene hardly proceeds at 125 °C 
and ca. 80 min are required for the reactant to reach 125 °C. After 80 min, the pressure 
starts to plateau, which must contribute to the low conversion (Table 4-4). It took less 
time to reach maximum pressures at high temperatures than those at low temperatures, 
which is possibly contributed to that the reaction has proceeded before reaching to the 
set temperature at high temperatures. 
 It is known that the dimerization of 1,3-butadeiene to VCH is through 
Diels-Alder reaction. Many Diels-Alder reactions proceed in both thermal and high 
pressure conditions [7,8,10-12,26,27], which indicates that high temperature and 
pressure are efficient for Diels-Alder reaction. Minuti et al. investigated the Diels-Alder 
reactions of 5-Nitro[2.2]paracyclophanepyran-6-one with 
1,2-dihydro-3-vinyl-naphthalene under both thermal and high pressure conditions, and 
the yields were 70 and 75% at 50 
o
C, 800 MPa for 24 h and at 110 
o
C, 0.1 MPa for 40 h, 
respectively [11]. In the reaction of 2-vinyl-2-benzo[b]furan with 2-inden-1-one, the 
Diels-Alder yield was 80% at 50 
o
C and 1000 MPa for 3 days, while it was 68% at 76.8 
o
C and 0.1 MPa for 3 days [8]. In our reaction conditions, high pressure was also 
obtained at high temperatures, and it is reasonable that the high temperature and 
pressure result in the high conversions of dienes. 
 The temperature also affects the selectivity of dimers produced from dienes. 
The favorable temperature for yielding VCH is 200 °C. It is interesting that the changes 
in the selectivities to COD and DVCB are always opposite in the reaction of 
1,3-butadiene. Since COD can be produced by cis-DVCB (cis-1,2-divinylcyclobutane) 
under thermal conditions [34,35], cis-DVCB generated is possibly converted to COD at 
high temperatures. 
 The mechanism of Diels-Alder dimerization of 1,3-butadiene had been studied 
by several groups. Benson estimated the heats of formation for the transition state and 
concluded that the reaction is not a concerted process but a two-step process [43]. 
However, Doering et al. by a careful thermochemical analysis showed that the 
mechanism of the reaction is likely to be concerted, but not two-step [44]. Li et al. also 
investigated the mechanism of 1,3-butadiene dimerization by MCSCF calculations [45]. 
Since the formation of trans-trans divinyltetramethylene biradicals, which lead to 
DVCB, was the most favorable process, the stepwise biradical pathway was found 
slightly more favorable than the concerted pathway, which is explained to be 
simultaneous σ-bond formation. In our conditions, DVCB is generated by a small 
amount, which does not agree with the calculation results of Li and supports the 
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concerted pathway. 
4.3.4.2 Effect of charge of dienes 
The high conversion achieved by using high charges attracted our interest. To 
understand the effect of charge, the pressure during the reaction was measured. As 
shown in Figure 4-9, the changes of pressure are different at different charges. It took 
less time to reach to the maximum pressure at a charge of 8.0 g 1,3-butadiene than with 
a charge of 5.5 g. In 4-2 of Chapter 4, the temperature during the reaction was measured 
in the solvent-free Diels-Alder reaction of 1,3-butadiene with methyl vinyl ketone. The 
maximum temperature was found 15 °C higher than the set temperature of 125 °C, 
which contributed to the accumulation of reaction heat, the increased temperature was 
found to accelerate the reaction. The change in temperature was not measured in this 
work since the equipment for measuring temperature could not be used higher than 150 
o
C. However, the enthalpy change of the dimerization of 1,3-butadiene to VCH was 
calculated using B3LYP/6-31g(d) of Gaussian 03, the enthalpy change was -41.6 kcal 
mol
-1
 at 200 
o
C, 4 MPa, which is close to that of -35.4 kcal mol
-1
 at 25 
o
C, and 0.1 MPa 
calculated by Janz [46]. The enthalpy change of dimerization of 1,3-butadiene to VCH 
was lower than those in the Diels-Alder reaction of 1,3-butadiene with methyl vinyl 
ketone and methyl acrylate, which was -150.1 kcal mol
-1
 and -163.4 kcal mol
-1
, 
respectively, calculated at 125 
o
C, 0.1 MPa (4-2 of Chapter 4). It also can be understood 
that 1,3-butadiene, as a dienophile, is less reactive than methyl vinyl ketone and methyl 
acrylate, since 1,3-butadiene is not substituted with electron-withdrawing group(s) [27]. 
However, it is also reasonable that the reaction heat increases the temperature and 
affects the rate. 
 It was found that the increase of pressure at a charge of 8.0 g (Figure 4-9 b) 
was faster than that of 5.5 g (Figure 4-9 c), which indicated that more reaction heat was 
generated at higher charge and the increase in temperature and pressure was accelerated. 
Moreover, the temperature and pressure increased quickly as the reaction proceeded, 
and resulted in the quick decrease of the pressure at high charge. High charge also leads 
to high percentage of liquid-phase 1,3-butadiene, which is more reactive than gas-phase 
1,3-butadiene because of high concentration. Thus, the high charge of reactant 
1,3-butadiene is efficient for achieving high conversions. 
4.3.4.3 Effect of solvents 
Under pressure, the use of solvents resulted in lower conversions than without 
solvents at the same reactant volume. It can be shown that use of solvents affects the 
122 
pressure of a reaction system through Raoult's law:
∑
∗
=
i
iitotal ΧPP             (1)   
 where Pi* is the partial pressure of the component i in the solution, and Xi is the 
mole fraction of the component i in the solution. Since the solvents used in this work 
have vapor pressures lower than 1,3-butadiene, the pressure of the mixture would be 
lower than that without solvents at the same temperature. 
 The pressure was measured in the reaction of 1,3-butadiene using THF as 
solvent (Figure 4-9 a). The maximum pressure was much lower than that without 
solvents, as expected from Raoult's law. It should be noted that the solvent also absorbs 
the reaction heat, which decreases the temperature. The use of solvent caused the 
decrease of both temperature and pressure, which resulted in low conversion. Moreover, 
use of solvents dilutes the reactant, which is another reason for low conversions. 
 As we have demonstrated in Table 4-7, large reactor void space decreases 
conversion. Although the use of solvent and solvent-free conditions seem to give similar 
conversions (Entries 4-6 in Table 4-7), the time profiles of the pressures are much 
different (Figure 4-9). The initial pressure was different between the solvent-used and 
solvent-free reactions (Figure 4-9 a and c), while the conversion for 1 h (Entries 1 and 2 
in Table 4-7) is correlated with vapor pressure. It is, however, difficult to discuss the 
relation between changes in the reaction rate and the pressure with reaction time. It can 
be claimed that small void space achieves high conversion because of small volume for 
1,3-butadiene vapor in the reactor. 
4.3.5 Conclusions 
Dimerization of 1,3-buadiene was studied in a closed batch system under 
pressure at high temperature. VCH was obtained in high yield from 1,3-butadiene 
without using solvents or catalysts. High temperature and pressure are necessary for the 
dimerization of 1,3-butadiene. Large charges of substrate leads to high percentage of 
liquid 1,3-butadiene, which is efficient for the reaction. The reaction without solvent 
proceeds more rapidly than with the solvent-used reaction, since the solvent decreases 
the concentration of reactant. In addition, it is convenient that pressure is controlled 
only by changing the substrate charge and the temperature. Furthermore, the 
solvent-free system has a significant advantage that there is no need to separate solvents 
from the products, which has less impact on the environment. 
123 
References  
[1] E. J. Corey, D. S. Watt, J. Am. Chem. Soc. 95 (1973) 2303-2311. 
[2] D. D. Weller, E. P. Stirchak, J. Org. Chem. 48 (1983) 4873-4879. 
[3] T. Inukai, T. Kojima, J. Org. Chem. 31 (1966) 1121-1123. 
[4] G. J. Meuzelaar, L. Maat, R. A. Sheldon, Catal. Lett. 56 (1998) 49-51. 
[5] R. W. M. Aben, L. Minuti, H. W. Scheeren, A. Taticchi, Tetrahedron Lett. 32 (1991) 
6445-6448. 
[6] T. R. Kelly, S. K. Maity, P. Meghani, N. S. Chandrakumar, Tetrahedron Lett. 30 (1989) 
1357-1360. 
[7] B. Biolatto, M. Kneeteman, E. Paredes, P. M. E. Mancini, J. Org. Chem. 66 (2001) 
3906-3912. 
[8] A. Marrocchi, L. Minuti, A. Taticchi, H. W. Scheeren, Tetrahedron 57 (2001) 
4959-4965. 
[9] M. G. B. Drew, A. Jahans, L. M. Harwood, S. A. B. H. Apoux, Eur. J. Org. Chem. 
21 (2002) 3589-3594. 
[10] K. Kranjc, M. Kocevar, New J. Chem. 29 (2005) 1027-1034. 
[11] L. Minuti, A. Marrocchi, S. Landi, M. Seri, E. Gacs-Baitz, Tetrahedron 63 (2007) 
5477-5481. 
[12] E. Ballerini, L. Minuti, O. Piermatti, J. Org. Chem. 75 (2010) 4251-4260. 
[13] D. Huertas, M. Florscher, V. Dragojlovic, Green. Chem. 11 (2009) 91-95. 
[14] K. Kumamoto, I. Fukada, H. Kotsuki, Angew. Chem. Int. Ed. 43 (2004) 
2015-2017. 
[15] F. B. Lopez, R. J. M. Egberink, D. N. Reinhoudt, W. Verboom, Tetrahedron 64 
(2008) 10023-10040. 
[16] Gaussian 03, Revision E.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 
Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. 
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. 
Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, 
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, 
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. 
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. 
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. 
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, 
M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. 
Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. 
124 
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. 
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. 
Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, 
Inc., Wallingford CT, 2004. 
[17] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B, 37 (1988) 785-789. 
[18] S. Fujita, T. Tanaka, Y. Akiyama, K. Asai, J. Hao, F. Zhao, M. Arai, Adv. Synth. 
Catal. 350 (2008) 1615-1625. 
[19] R. A. Grieger, C. A. Eckert, J. Am. Chem. Soc. 92 (1970) 7149-7153. 
[20] J. Jurczak, T. Bauer, S. Jarosz, Tetrohedron. 42 (1986) 6477-6486. 
[21] S. I. Bell, M. Parvez, S. M. Weinreb, J. Org. Chem. 56 (1991) 373-377. 
[22] J. C. Carretero, J. L. G. Ruano, L. M. M. Cabrejas, Tetrahedron: Asymmetry 8 
(1997) 409-416. 
[23] H. Al-Badri, N. Collignon, J. Maddaluno, S. Masson, Chem. Commun. 13 (2000) 
1191-1192. 
[24] H. S. P. Rao, R. Murali, A. Taticchi, H. W. Scheeren, Eur. J. Org. Chem. 15 (2001) 
2869-2876. 
[25] G. Jenner, B. Gacem, J. Phys. Org. Chem. 16 (2003) 265-270. 
[26] M. Kosior, P. Kwiatkowski, M. Asztemborska, J. Jurczak, Tetrahedron: 
Asymmetry 16 (2005) 2897-2900. 
[27] E. Paredes, R. Brasca, M. Kneeteman, P. M. E. Mancini, Tetrahedron. 63 (2007) 
3790-3799. 
[28] J. Rickerby, M. Vallet, G. Bernardinelli, F. Viton, E. P. Kundig, Chem. Eur. J. 13 
(2007) 3354-3368. 
[29] C. J. Pouchert, J. Behnke, The Aldrich Library of 
13
C and 
1
H FT NMR Spectra, 
Edition 1, Volume 1, 10,941-2. 
[30] B. A. Parsons, V. Dragojlovic, J. Chem. Educ. 88 (2011) 1553-1557. 
[31] R. Neumann, I. Dror, Appl. Catal. A: Gen. 172 (1998) 67-72. 
[32] J. S. Chang, D. Y. Hong, Y. K. Park, S. E. Park, Stud. Surf. Sci. Catal. 153 (2004) 
347-350. 
[33] Kh. M. Alimardanov, A. A. Alieva, S. I. Abasov, Petrol Chem. 50 (2010) 120-124. 
[34] G. S. Hammond, N. J. Turro, R. S. H. Liu, J. Org. Chem. 28 (1963) 3297-3303. 
[35] W. L. Dilling, R. D. Kroening, J. C. Little, J. Am. Chem. Soc. 92 (1970) 928-948. 
[36] M. Citroni, M. Ceppatelli, R. Bini, V. Schettino, Science 295 (2002) 2058-2060. 
[37] I. Tkatchenko, J. Organomet. Chem. 124 (1977) C39-C42.  
[38] R. A. Ligabue, J. Dupont, R. F. De. Souza, J. Mol. Catal. A: Chem. 169 (2001) 
11-17. 
125 
[39] W. J. Richter, J. Mol. Catal. 13 (1981) 201-206.  
[40] A. Gordillo, L. D. Pachon, E. D. Jesus, G. Rothenberg, Adv. Synth. Catal. 351 
(2009) 325-330. 
[41] G. Revial, M. Blanchard, J. d'Angelo, Tetrahedron Lett. 24 (1983) 899-902. 
[42] H. Junge, G. Oehme, Tetrahedron 54 (1998) 11027-11032. 
[43] S. W. Benson, J. Chem. Phys. 46 (1967) 4920-4926. 
[44] W. von E. Doering, M. Frank-Neumann, D. Hasselmann, R. L. Kaye, J. Am. Chem. 
Soc. 94 (1972) 3833-3844. 
[45] Y. Li, K. N. Houk, J. Am. Chem. Soc. 115 (1993) 7478-7485. 
[46] G. J. Janz, M. A. De Crescente, J. Phys. Chem. 63 (1959) 1470-1472. 
126 
 
General conclusion 
 
1. Addition of Ag into Cu/Al2O3 catalysts was efficient in inhibiting the decomposition 
of glycerol to produce ethylene glycol and thus increased the selectivity to 
1,2-propanediol. 
 
2. The suitable Ag loading onto Cu/Al2O3 was 1 wt.% and the suitable calcination 
temperature of the catalyst was 400 
o
C for 1,2-PDO formation from glycerol. 
 
3. The Ag loading on silica-alumina decreased the numbers of medium and strong acid 
sites, while increased the number of the weak acid sites, which are effective for 
inhibiting catalytic deactivation. 
 
4. Since the supported Ag catalysts were effective only in H2 atmosphere in the 
dehydration of 1,2-propanediol, Ag would play a significant role for removing the 
product from the catalyst surface together with hydrogen flow. 
 
5. The solvent-free Diels-Alder reactions proceeded faster than the reactions in solvent 
because solvent-free conditions realized high temperature, pressure, and 
concentration of reactants. The solvent-free system has a significant advantage that 
there is no need to separate solvents from the products, which has less impact on the 
environment. 
 
6. The reactivity order of the reactants is as follows: 2,3-dimethyl-1,3-butadiene > 
isoprene > 1,3-butadiene in dienes; maleic anhydride > methyl vinyl ketone > 
methyl acrylate in dienophiles. 
 
7. Large charges of substrate leads to high percentage of liquid 1,3-butadiene, which is 
efficient for the proceeding of 1,3-butadiene dimerization. 
 
8. Use of solvents, which dilute the reactant and absorb the reaction heat, is not 
favorable in the dimerization of 1,3-butadiene under pressured conditions. 
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